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This  investigation  resnlted  in  the  development  of  a  miniature  gas  chromatograph 
(GC)  system  using  alicon  micromachining  and  integrated  drcuit  processing  techniques; 
The  GC  is  composed  of  a  miniature  sample  iiyector  incorporating  a  10  sample  loop; 
a  0.9  m  long,  rectangular-shaped  (300  ftm  width  and  10  /im  height)  capillary  cdumn 
coated  with  a  0.2  fua  thick  copper  phthalocyanine  (CuPc)  sdid  phase;  and  a  dual-detector 
scheme  based  upon  a  CnPc-coated  chemiresistor  and  a  commercially  available,  125  /aa  di¬ 
ameter  thermal  conductivity  detector  (TCD)  bead.  Silicon  micromachining  was  employed 
to  fabricate  the  interface  between  the  sample  iigector  and  the  GC  column,  the  GC  col¬ 
umn  itsdf,  and  the  dual-detector  cavity.  A  novd  processing  technique  was  developed  to 
sublime  the  CuPc  solid-phase  coating  on  the  GC  column  walls  micromachined  in  the  host 
dlicon  wafer  substrate  and  the  Pyrex  cover  plate  which  were  subsequently  dectrostatically 
bonded  together.  The  miniature  GC  system  has  demonstrated  the  capability  to  directly 
and  completely  separate  parts-per-million  (ppm)  ammonia  and  nitrogen  dioxide  concen¬ 
trations  when  isothermally  operated  (55-80*C).  With  a  hdium  carrier  gas  and  nitrogen 
diluent,  a  10  fd  sample  volume  containing  ammonia  and  nitrogen  dioxide  injected  at  40  psi 
could  be  separated  in  less  than  30  minutes.  Rdative  to  this  accomplishment,  a  secondary 
discovery  was  the  determination  of  the  heat  of  adsorption  of  NO2  (0.38  eV)  on  a  CuPc  thin 
film  (0.2  fan  thick).  Furthermore,  this  research  served  as  a  proof-crf'-concept  concerning 
the  utilization  of  ^  miniature  GC  to  investigate  the  adsorptive  properties  of  thin  films.  In 
addition,  the  development  of  a  time-domain  performance  modd  of  the  miniature  GC  will 
facilitate  the  optimization  of  future  miniature  GCs  by  providing  a  tod  to  estimate  their 
performance. 
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DESIGN  AND  PERFORMANCE  EVALUATION 
OF  A  GAS  CHROMATOGRAPH  MICROMACHINED 
IN  A  SINGLE  CRYSTAL  SILICON  SUBSTPJVTE 

I.  Introduction 

The  ability  of  a  gas  chromatograph  (GC)  to  separate  the  varions  components  of  an 
onhnown  sample,  and  then  quantify  the  characteristics  of  these  components  (such  as  thdr 
concentration)  mahes  the  GC  a  particularly  valuable  instrument  for  the  analytical  chemist. 
A  GC  is  typically  used  as  the  initial  st^  in  other  analytical  ttxds  (for  example,  a  mass 
spectrometer)  to  separate  the  sample  components  and  reduce  the  anal^rtical  ‘load’*  on  the 
detector  (1). 

Gas  chromatography  is  also  an  important  tool  for  a  variety  of  other  disciplines, 
including  the  manufacture  of  drugs  and  pharmaceuticals  (2),  the  determination  of  food 
components  (3),  the  study  of  the  environment  (air  pollution  management)  (4),  the  eval¬ 
uation  of  fuels  (5),  the  diagnostic  and  forensic  analysis  of  biolo^cal  fluids  (6),  and  the 
detection  of  pesticides  (4).  Perhaps  a  more  specific  application  (and  the  thrust  of  this 
research)  is  the  detection  of  nitrogen  dioxide  (NOj) — a  toxic  and  corrosive  gas  that  is  both 
an  industrial  pollutant  and  is  known  to  be  emitted  when  certain  munition  detonators  age, 
both  in  storage  and  on  the  battlefield  (7).  Additionally,  it  is  thought  that  ammonia  (NHs) 
is  a  precursor  to  NO2  in  the  stratosphere,  so  a  GC  which  was  capable  of  separating  NO2 
from  NHa  would  facilitate  environmental  studies  and  be  a  valuable  sensor  to  determine 
the  viability  of  munition  detonators  (8,  9).  A  summary  of  the  chemical  and  toxicological 
properties  of  NO2  and  NH3  are  presented  in  Table  1. 

Unfortunately,  modem  GCs  are  much  too  bulky  and  fragile  to  be  operated  in  the 
battlefield  or  in  remote  weapons  storage  facilities.  Consequently,  this  situation,  along 
with  many  others,  has  motivated  research  into  alternative  and  portable  GC  configurations 
(lly  12).  Although  these  alternative  configurations  use  advanced  sin^e  crystal  ulicon  wafer 
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Tkble  1.  Chemical  and  Toxicologcal  Properties  of  NO3  and  NH3(10). 


Property 

NOa 

NH3 

Molecular  Weight 

46.01 

17.04 

Melting  Pdnt  ( ’C) 

-9.3 

-77.7 

Boding  Point  ( 'C) 

21 

-33.5 

Permissible  Exposure  Limit  (ppm) 

5 

50 

Qasrifi  cation 

Poison  and  Oxidizer 

Pdson 

micromachining  processes  to  fabricate  the  major  componeiits  of  the  GC,  the  fundamental 
operation  of  the  portable  GC  is  nmilar  to  conventional  GCs. 

1. 1  Ohjective 

This  research  is  concerned  with  the  design,  fabrication  and  performance  evaluation 
of  a  micromachined  gas  chromatograph  (MMGC)  based  upon  a  copper  phthalocyanine 
(CuPc)  stationary  phase  which  can  separate  NO3  and  NHs  in  a  nitrogen  diluent  when 
helium  is  used  as  the  carrier  ga  The  miniaturised  components  fabricated  in  this  inves¬ 
tigation  include  the  cdumn  auw  e  detectmrs.  The  resulting  MMGC  was  designed  to 
facilitate  the  separation  and  detection  of  NO3  and  NHa  in  a  compact  pachage — something 
that  is  currently  difficult  to  accomplish  because  of  the  physical  size  and  other  constraints 
imposed  by  conventional  laboratory  GCs.  Additionally,  data  from  the  MMGC  has  pro¬ 
vided  a  unique  inright  into  the  adsorption  properties  (i.e.,  the  heat  of  adsorption)  of  the 
CuPc  stationary  phase  used  to  coat  the  column. 

l.t  Summary 

This  dissertation  be^^ns  with  a  review  and  dircusrion  of  the  baric  operating  principles 
of  conventional  gas  chromatographs  and  the  micromachining  ‘Hools*  vmd  to  fabricate  the 
MMGC.  Once  this  framework  is  established,  the  design  of  the  MMGC  will  be  addressed, 
followed  by  the  actual  fabrication  process  of  the  MMGC,  focusing  on  those  features  which 
make  this  GC  design  unique.  Finally,  experimental  data  obtained  from  the  MMGC  will 
be  presented  and  correlated  with  exisdng  theory  in  the  form  at  a  time-domain  simulation 
of  the  gas  kinetics  within  the  MMGC. 
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il.  Gas  Chromatography 

Chromatography,  as  defined  by  the  CRC  Handbook  of  Chromatography,  is  “a  separa¬ 
tion  method  in  which  a  mixture  is  applied  as  a  narrow  initial  zone  to  a  stationary,  porous 
sorbent  and  the  components  arc  caused  to  undergo  difierential  migration  by  the  flow  of  the 
mobile  phase,  a  liquid  or  gas”  (13:1).  The  type  of  mobile  phase  subdivides  chromatography 
into  two  major  classifications:  gas  chromatography  and  liquid  chromatography.  Since  NOj 
and  NH3  are  gases  at  room  temperature  and  pressure,  gas  chromatography  is  the  major 
subdivision  of  interest  in  this  research. 

There  are  four  major  components  in  a  modem  gas  chromatograph:  the  carrier  gas, 
the  sample  injection  system,  the  cdumn,  and  the  detector.  Figure  1  depicts  a  typical 
GC  configuration,  inducing  the  support  components  (i.e.,  flow  meters,  flow  controllers, 
and  ovens).  The  carrier  gas,  also  known  as  the  mobile  phase,  is  a  high  purity  gas  that 
transports  the  sample  of  interest  through  the  column.  The  sample  iiyection  system  pro¬ 
vides  a  means  for  introducing  a  known  quantity  of  the  sample  into  the  carrier  gas  flowing  • 
through  the  column.  The  column  itself  is  coated  with  a  stationary  phase  that  interacts 
with  the  sample  and  carrier  gas,  in  accordance  with  GC  theory,  to  produce  propagation 
delays  for  the  various  components  of  the  sample,  causing  the  sample  to  separate  into  its 
constituents.  •  Since  the  components  of  the  original  sample  leave  the  column  at  different 
times,  the  detector  at  the  output  of  the  column  can  sense  a  physical  variable  (such  as 
thermal  conductivity)  with  respect  to  time.  The  change  in  the  output  of  the  detector 
versus  time,  the  chromatogram,  provides  the  data  required  to  quantitativdy  determine  the 
composition  of  the  ori^nal  sample  (the  area  beneath  a  component’s  peak  corresponds  to 
the  concentration  of  that  component  in  the  sample)  (14:368). 

t.l  Mobile  Phase. 

Control  of  the  mobile  phase  can  affect  the  quality  and  resolution  of  a  chromatogram. 

It  is  imperative  to  have  flow  conditions  which  are  constant  and  reproducible.  Grob,  in  the 
Modem  Practice  of  Gas  Chromatography,  provides  a  list  of  requirements  for  the  mobile 
phase  to  facilitate  obtaining  conustent  and  reproducible  results  (16:85-87): 


Figure  1.  Block  Diagram  of  a  Modem  Gas  Chromatograph  (15:10). 


1.  Gas  Cylinder  or  Generator:  In  most  cases  the  supply  of  mobile  phase  is 
from  commercial  cylinders.  These  are  connected  to  the  carrier  gas  system 
of  the  chromatograph  by  means  of  a  reducing  valve. 

2.  Pressure  and/or  Flow  Controls:  Gas  valve  regulators  supplied  by  most 
gas  suppliers  are  adequate  to  control  pressure  and  flow. . . 

3.  Pressure-Measuring  Device:  Accurate  pressure  measurements  are  made 
with  a  manometer  if  needed. 

4.  Flovmeter:  To  monitor  the  flow  of  carrier  gas,  a  variety  of  devices  are 
available,  such  as  diflferential  capillary,  thermal  conductivity,  ionization, 
rotameters,  and  calibrated  soap-film  tubes.  Measurement  of  the  flow  may 
either  be  continuous  or  intermittent,  and  the  flowmeter  may  be  placed 
either  in  front  of  the  column  or  at  the  carrier  gas  outlet.  The  soap-film 
type  is  most  commonly  used  because  of  its  economy  and  ease  of  operation. 


Although  maintaining  a  uniform  gas  flow  is  important,  it  is  not  suifident  to  insure 
reprodudble  results.  Perhaps  the  most  difficult  task  in  making  a  reprodndble  gas  chro¬ 
matographic  analyas  is  the  ipjection  of  the  sample  into  the  carrier  gas  stream  (15:23). 


2.i  Sample  Injection  System. 

Sample  injection  is  so  vital  and  potentially  difficult  to  accomplish  with  a  significant 
degree  of  reprodudbility,  that  l^ett,  in  his  book  Gas  Chromatography^  warns:  “...it 
[sample  injection]  probably  pves  more  trouble,  espedally  to  beginners,  than  any  other 
dnj^e  area”  (15:23).  This  issue  is  prevalent  regardless  of  the  type  of  iigection  system  as 
long  as  manual  operation  of  a  syringe  or  valve  is  required.  However,  in  some  recent  GCs, 
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provisions  have  been  made  to  improve  reproducibility  by  automating  the  sample  injection 
system.  Apart  from  the  choice  of  a  manual  or  automatic  system,  there  are  two  fundamental 
methods  for  introducing  the  sample,  the  choice  of  which  depends  upon  whether  the  sample 
is  in  a  liquid  or  gaseous  state. 

In  the  first  case,  it  is  necessary  to  vaporize  the  sample  before  it  can  be  separated 
into  its  components  by  the  column.  Figure  2  shows  a  typical  sample  injection  system  with 
an  injection  heater.  The  liquid  sample  is  first  drawn  into  a  syringe,  and  then  it  is  ipjected 
through  a  silicone  rubber  septum  into  the  ipjection  head.  Since  carrier  gas  is  continually 
flowing  from  the  inlet  port  through  the  iigection  head  and  into  the  column,  any  liquid 
sample  injected  through  the  rubber  septum  will  be  carried  to  the  ^ass  wool  plug  where 
it  will  be  volatilized  by  the  injection  heater.  The  volatilized  sample  then  proceeds  to  the 
column  where  it  undergoes  separation  into  its  components. 


In  the  second  case  (gaseous  samples),  the  gas  sample  of  interest  is  transferred  to  a 
loop  with  a  known  volume.  The  typical  sample  ipjection  system  shown  in  Figure  3  has 
two  valve  positions.  In  the  flrst  position,  the  gas  sample  is  forced  into  the  sample  loop 
(either  with  a  vacuum  pump  on  the  waste  port,  or  with  a  sample  iqjected  at  the  "sample 
in’*  port).  When  the  valve  is  switched  to  the  second  position,  the  sample  contained  in 
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the  loop  is  forced,  by  the  pressure  of  the  carrier  gas,  into  the  column  where  it  undergoes 
separation  into  its  components. 


Figure  3.  Typical  Gas  Sample  Iigection  System  (a)  Fill  Porition  and  (b)  Iigect  Position 
(15:23). 


i.S  Columns. 

The  component  which  actually  performs  the  operation  unique  to  a  GC— separation— 
is  the  column.  After  a  sample  gas  has  been  introduced  into  the  cdumn,  separation  occurs 
through  the  interaction  between  the  mobile  phase  and  the  stationary  phase  according  to 
GC  theory.  The  stationary  phase  can  be  depoated  on  the  interior  of  the  cdumn  using  one 
of  two  primary  techniques,  resulting  in  the  divirion  of  cdumns  into  two  classes.  These  two 
types  of  columns  are  commonly  referred  to  as  packed  and  capillary  cdunms  (see  Figure  4). 

t.S.l  Column  Types.  In  a  packed  column,  the  stationary  phase  (which  is  usually 
a  nonvdatile  liquid)  is  deposited  on  the  surface  of  a  coarse  inert  material  which  is  packed 
into  the  cdlunm  (altemativdy,  the  coarse  material  may  be  a  sdid  phase  which  is  directly 
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Packed  Open  (Capillary) 


Figure  4.  FVind2uiiental  Gas  Chromatography  Column  Configurations  (17). 

packed  into  the  column)  (15:56).  In  contrast,  the  stationary  phase  in  a  capillary  column  is 
deposited  as  a  thin  him  directly  onto  the  walls  of  the  column.  The  reduction  in  the  number 
of  available  gas  paths  in  a  capillary  column  significantly  enhances  the  component  separation 
resolution  of  the  column  (15:60).  Figure  5  compares  representative  chromatograms  from 
packed  and  capillary  columns. 

Historically,  packed  columns  were  the  simplest  to  fabricate  and  the  first  to  gain 
widespread  use.  However,  recent  advances  by  several  companies  have  made  capillary 
columns  a  more  attractive  (and  less  expensive)  alternative.  FWthermore,  due  to  their 
greater  resolution,  the  capillary  column  is  now  the  column  of  choice  in  many  gas  chro¬ 
matography  applications  (17). 

2.S.S  Column  Theory.  The  theory  which  explains  the  operation  of  the  cefiumn 
evolves  from  the  adsorption-desorption  interaction  between  the  sample  gas,  the  stationary 
phase,  and  the  mobile  phase.  Since  the  various  components  of  the  sample  are  soluble  to 
varying  degrees  in  the  stationary /mobile  phase  combination,  the  column  acts  to  separate 
the  components  by  fordng  them  to  propagate  through  the  column  at  different  rates.  These 
delays  eventually  translate  into  the  components  of  the  sample  leaving  the  GC  column  at 
distinct  times,  where  they  can  be  detected.  The  sharpness  of  these  eluting  (or  discharged) 
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figure  5.  Typical  Resdutions  of  the  Two  Major  Column  T^pes  (17). 


peaks,  and  thdr  separation  from  the  peaks  of  the  other  components,  is  referred  to  as  the 
cdunm’s  resolution.  The  separation  process  is  demonstrated  graphically  in  Figure  6. 

The  ability  of  a  cdumn  to  separate  a  sample's  molecular  components  is  based  on 
the  partition  ratio,  k,  which  is  unique  (and  generally  determined  empirically)  for  each 
sample,  stationary  phase,  mobile  phase,  and  temperature  combination.  The  partition 
ratio  is  defined  as  (18:17): 

^  _  wei^t  of  the  sample  dissolved  in  a  unit  column  length  of  the  stationary  phase 

weight  of  the  sample  dissolved  in  a  unit  column  length  of  the  mobile  phase  ’  ^  ' 

This  coeffident  determines  the  portion  of  each  particular  sample  component  that  can 
exist  in  the  mobile  phase.  Since  the  componotts  can  only  propagate  through  the  colunu 
when  they  are  in  the  mobile  phase,  the  propagation  velodty,  is  rdated  to  k  by  (11:3): 


! 


Figure  6.  Graphical  Representation  of  the  Separation  of  Three  Components  (Represented 
by  Squares,  Triangles,  and  Grcles)  at  (a)  t  s  0  (iiuection),  (b)  t  >  0,  and 
(c)  f  >  0  (Gas  Flow  is  Represented  by  the  Large  Arrows,  and  Diffusion  is 
Represented  by  the  Small  Arrows)  (17). 


where  Vg  is  the  carrier  gas  (mobile  phase)  vdodty  (11:3).  With  this  relationship,  the 
amount  of  time,  tR,  required  for  the  sample  component  to  travel  a  column  of  length  L  is^ 
(11:3): 


tv  t>e 


(3) 


\ 


■/ ; 
'/ 


Mik 


i.S.2.1  Plate  Beight.  As  the  sample  propagates  through  the  column  and  in¬ 
teracts  with  the  stationary!  and  mobile  phases,  it  be^ns  to  manliest  the  characteristic 
Gausaan  distribution  concehtration  profile  shown  in  Figure  7  (18:11).  A  measure  of  col- 


*Tlus  quantity  is  also  often  referred  to  a*  the  retention  time  of  the  aample. 


ftV' 
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omn  effidency  is  the  height  equivalent  of  a  theoretical  plate’  (or,  simply,  plate  height),  h, 
which  is  defined  as  the  increase  in  the  variance  of  the  length  of  the  Gaussian  peak  per  unit 
column  length  (11:7).  In  terms  of  volume,  this  becomes  (18:150): 


Figure  7.  Plot  Used  to  Calculate  the  Number  of  Theoretical  Plates.  Vr  Represents  the 
lyue  Retention  Volume,  V'r  Represents  the  Measured  Retention  Volume  (In- 
duding  the  Dead  Volume),  Kt  Represents  the  Dead  Volume  of  the  System,  and 
t0  Represents  the  Approximate  M^dth  of  the  Elution  Curve  (11:8). 

where  ov  is  the  standard  deviation  of  the  Gausdan  pealc  (from  Figure  7,  w  =:  4<7v),  and  V’r 
is  the  volume  of  the  gas  «luted  from  the  column  (measured  rdative  to  the  time  when  the 
sample  was  injected  and  the  pealc  appears— see  Figure  7)  (11:8).  The  number  of  theoretical 
plates,  J\r,  contained  is  a  cdumn  of  length  L  is  calculated  as  follows  (18:150): 


’Tliit  term  *...oome*  from  diatUlation,  wliere  tlie  mimbei  of  theoKtical  plate*  in  n  fractioning  column 
i*  a  meaanie  of  the  abilify  of  the  colnmn  to  aeparate  •nbetances  having  different  bmling  point**  (14:376). 
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A  large  value  of  N  implies  that  the  column  is  able  to  efiidently  separate  a  given 
component  (14:379).  Since  h  is  inversely  proportional  to  a  smaller  h  implies  a  more 
efficient  cdumn^. 

The  standard  deviation  required  in  Equation  5  can  be  obtained  graphicai\r>  since  the 
width  of  the  base  of  a  triangle  constructed  from  the  tangents  to  the  inflection  points  of 
the  peak  would  be  approximately  four  standard  deviations  wide  (14:376).  Equation  5  then 
becomes  (14:376): 

where  tn,  V^,  and  K(  defined  in  Figure  7.  Both  the  plate  height  and  the  number  of 
theoretical  plates  provide  an  indication  of  the  efficiency  of  a  column  in  terms  of  se'-arating 
a  single  component.  These  figures,  however,  do  not  address  the  ability  of  a  col  :mn  to 
separate  a  sample  composed  of  multiple  gas  components. 

2.S.2.2  Separation  Factor.  The  problem  of  quantifying  separation  was  dis¬ 
cussed  by  Purnell  in  his  paper.  The  Correlation  of  Separating  Power  and  Efficiency  of 
Gas-Chromatographic  Columns  (19:1268): 

The  theoretical-plate  concept. ..has  proved  the  most  profitable  s^proach  to 
quantitative  description  of  the  efficiency  of  chromatographic  columns.  The 
theory  is  based  on  a  model  in  which  a  single  substance  is  duted  through  a 
cdunm  by  a  carrier  fluid;  . . .  [however,]  the  theory  has  never  been  explicitly 
^plied  to  the  problem  of  the  separatior  cf  mixed  solutes.  ...Apart  from 
those  interested  in  the  theoretical  aspects  of  chromatography  few  workers  use 
theoretical  plate  numbers:  analysts,  for  instance,  are  concerned  more  with  the 
degree  of  separation  attainable  with  a  column  than  with  its  apparent  efficiency. 

*  Alternstivdy,  *the  heigiit  of  a  theoretical  plate  h  may  be  interpreted  aa  the  length  of  colnmn  that  mutt 
be  travened  for  a  mixture  to  be  separated  to  the  same  extent  as  it  would  be  separated  in  a  tingle  batch 
eqnilibrinm  between  the  mobile  and  stationary  phases. . .  a  cdumn  that  separates  substances  well  will  have 
a  lower  k  than  a  less  efficient  cdumn”  (14:37  ) ;. 
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Purnell  then  demonstrated  that,  independent  of  N,  in  order  to  achieve  the  same 
degree  of  separation  between  two  components,  the  ratio  Vr/w  must  remain  constant 
(19:1270).  Using  this  property,  Purnell  defined  the  separation  factor,  5,  as  (19:1270): 

S=16(^)’.  (7) 

When  Equations  6  and  7  are  combined  with  the  rdationship  between  the  partition 
ratio  and  the  retention  volume  (k  =  Vr/Vj),  the  separation  factor  can  be  defined  in  terms 
of  Nf  £,  and  h  as  (11:10): 

Thus,  the  theoretical  separation  factor  for  a  cdumn  can  be  established  if  the  plate 
heght  is  known.  However,  from  tl  e  previous  discussion,  it  is  apparent  that  the  only  way 
to  establish  the  true  plate  hdght  of  a  column  is  empirically. 

Van  Deemter  Equation.  Fortnnatdy,  a  basic  “rate  theory”  was  devel¬ 
oped  in  1956  by  van  Deemter  which  related  the  plate  height  of  a  pven  column  to  four 
fundamental  physical  parameters:  flow  rate,  multipath  diffusion,  molecular  diflTusion,  and 
reastance  to  mass  transfer  (20:88).  Although  the  complexities  involved  with  the  van 
Deemter  equation  are  treated  in  a  number  of  texts,  a  brief  description  of  the  equation  wiU 
be  valuable  (16,  21,  22).  The  abbreviated  van  Deemter  equation  is  (14:392): 

h  =  (9) 

where  h  represents  the  plate  haght,  A  is  a  term  representing  multipath  diffusion*,  B 
is  a  term  representing  molecular  dififuaon*,  C  is  a  term  representing  reastance  to  mass 
transfer*,  and  ««  represents  the  carrier  gas  (mobile  phase)  vdodty  (14:392).  A  graphical 

*This  tenn  KptetenU  tbe  peak  broadening  dne  to  mnltiple  gw  patba  tbat  predominantly  occur  ia  a 
packed  colnmn. 

*MoIecnlai  diffnai'^n  refera  to  the  peak  broadening  dne  to  the  lilTnaion  of  the  aample  in  the  carrier  gw 
along  the  direction  of  flow. 

*IUaistance  to  maaa  tranafer  refm  to  the  rate  of  equilibration  between  the  aample,  the  carrier  gw,  and 
the  atationary  phaae.  The  thinner  the  atationary  phaae  coating,  the  iwter  the  equilibration. 
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representation  of  the  van  Deemter  equation  is  shown  in  Figure  8.  It  is  apparent  from  this 
figure  that  there  is  an  optimal  velocity  which  minimizes  the  plate  height. 


figure  8.  Plot  of  the  van  Deem*er  Equation  (Solid  Curve).  The  Horizontal  Dashed  Line 
Represents  the  Contribution  of  A,  the  Sloped  Dashed  Line  Represents  the 
Contribution  of  Cvc,  and  the  (H/»c)*Term  Contributes  the  Remainder  (14:393). 

For  a  capillary  column,  there  is  only  one  gas  path;  and,  due  to  the  simplified  geometry 
compared  to  a  packed  column,  the  redstance  to  mass  transfer  can  be  regarded  as  occurring 
separately  in  the  mobile  and  stationary  phases.  Thus  (assuming  Ve  is  constant).  Equation  9 
can  be  written  as  (20:276): 

h  =  j  +  CgVc  +  C,Vc  (10) 

where  the  multipath  term.  A,  can  be  nej^ected  (dnce  there  is  only  one  gas  path  through 
a  capillary  column),  and  the  Cg  and  C«  terms  represent  reastance  to  mass  transfer  in 
the  gas  and  stationary  phases,  respectively  (20:276).  Since  a  smaller  h  implies  a  more 
efficient  column,  and  Equation  10  (which  relates  h  to  Vc)  has  a  minimum  (see  figure  8), 
the  optimum  carrier  gas  velocity,  Ve,  can  be  determined  using  calculus.  Ihldng  the  first 
derivative  of  Equation  10  with  respect  to  ««  yidds  (20:277): 
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(11) 


dvc  * 


Setting  this  equation  equal  to  zero  and  sdving  for  Vc  yields  the  optimized  carrier  gas 
velocity  (Vept)  (20:277): 


Vop( 


(12) 


Taldng  the  second  derivative  of  Equation  10  with  respect  to  Vc  and  substituting  the 
velodty  found  in  Equation  12  produces: 


>  » 


(13) 


which  indicates  that  Vopt  is  a  minimum  (rince  the  constants  are  all  positive  quantities). 
FHirthermore,  since  Equation  8  is  maxinuzed  when  k  is  minimized,  the  maximum  separation 
factor  can  be  found.  That  is,  Smax  is  pven  by  (11:17): 

’  L 


2yjB(C,+Cs) 


(14) 


Presmre  Gradient  Unfortunatdy,  the  previous  treatment  assumes 
that  the  carrier  gas  velocity,  Ve*  is  constant  throughout  the  column.  This  condition  is 
not  necessarily  true  in  the  case  of  capillary  columns  with  small  cross  sections  rince  the 
carrier  ^  is  known  to  behave  like  a  compresdble  fluid  (20:73).  In  order  to  determine 
the  minimum  plate  bright  (or  maximum  separation  factor)  attainable  for  a  fpven  column, 
the  vriodty  cd'  the  carrier  gas  (which  is  a  function  of  position  in  the  column)  will  first  be 
defined  in  terms  of  the  inlet  and  outlet  pressures  by  the  frilowing  expre8sion^(18:26): 


1 


(15) 


^This  eqsstioB  was  derived  bjr  Littiewood  by  applying  Boyle’s  law  to  the  differential  equation  which 
describes  the  pressure  gradient  in  the  oolumn:  iPfix  «  —(it/f)v  where  P  b  the  gas  pressure,  ^  b  the  gas 
viscosity,  y  b  the  colunw  penneal^ty,  and  «  b  the  gas  vdodty  (18:25). 
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where  v{x/L)  is  the  carrier  gas  velodty  at  a  distance  of  (z/X)  into  the  column,  Vg  is  the 
carrier  gas  velocity  at  the  column  outlet,  Pi  is  the  pressure  at  the  column  inlet,  and  Pg  is 
the  pressure  at  the  column  outlet  (18:26).  The  change  in  velocity  of  the  carrier  gas  as  it 
travels  through  a  column  with  a  pressure  gradient  is  shown  graphically^  in  Figure  9. 


Figure  9.  Normalized  Velodty  of  the  Carrier  Gas  in  a  Column  with  Pressure  Gradients 
of  1:1,  4:1,  7:1,  and  10:1  {PitPg)  (18:27). 

Because  the  velodty  of  the  carrier  gas  in  a  column  with  a  pressure  gradient  can 
no  longer  be  considered  constant,  the  retention  time  (liquation  3)  must  be  reformulated. 
Although  Equation  3  is  not  valid  for  the  entire  column  length,  it  still  remains  valid  for 
incremental  lengths  along  the  column  (where  the  velodty  can  be  regarded  as  a  constant). 
Therefore,  the  retention  time  for  a  column  with  a  pressure  gradient,  trp,  is  (since  k  is  & 
constant  for  a  given  temperature,  carrier  gas  and  sample): 

where  v{xfL)  is  defined  by  Equation  15.  Making  a  simple  change  of  variable  (C  =  x/X) 
yields: 

'The  code  used  to  generate  Fignre  9  is  in  Appendix  G. 


15 


(17) 


<r,  =  I(l  +  A: 


Vo  »(C) 


Substituting  Equation  15  and  evaluating  the  integral  produces: 


1 


1 


(18) 


Apart  from  the  term  in  the  square  brackets,  this  expression  is  identical  to  Equation  3. 
Consequently,  the  additional  term  (the  comprestibility  correction  factor)  is  referred  to  as 
where  (20:74): 


(19) 


This  correction  factor  will  also  be  incorporated  into  the  subsequent  modifications  to  the 
van  Deemter  equation. 


i.S.i.4  Optimization  of  a  Column  with  a  Pressure  Gradient.  Since  the  van 
Deemter  equation  (Ek^uation  10)  is  velocity  dependent,  and  vdocity  is  afunction  of  distance 
along  a  column  with  a  pressure  gradient,  it  must  be  written  as  (18:220): 

*(*)  =  |^  +  lC',(*)  +  C.(*))t,(*).  (20) 

Regrettably,  the  plate  height  is  now  a  function  of  a,  and  it  becomes  very  difficult 
to  establish  an  optimum  velocity.  However,  Giddings,  in  his  paper,  Plate  Height  in  Gas 
Chromatography,  introduces  an  “apparent”  plate  height,  7i,  which  is  independent  of  x 
(23:868): 

W  =  +  C,Vo^  g  +  C,Voj  (21) 

where  B,  is  the  molecular  dififurion  term  at  the  output  of  the  cdumn,  j  is  defined  in 
Equation  19,  and 
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(22J 


Using  these  equations,  and  a  method  similar  to  that  used  to  derive  Equation  12, 
it  is  possible  to  determine  the  input  pressure  v/hich  minimizes  the  apparent  plate  height 
for  a  micromachined  cdumn.  Since  the  relationship  between  input  pressure  and  output 
velocity  strongly  depends  on  the  geometry  of  the  column,  the  foUowing  analysis  assumes 
a  rectangular  micromaudiined  ccdumn*. 

2.4  Micromachined  Column  Theory. 

With  the  cross  section  and  the  stationary  phase  of  the  channd  established,  the  theo¬ 
retical  analysis  presented  in  Section  2.3.2  can  be  expanded  by  determining  the  effect  of  the 
column’s  cross  section  on  the  average  velocity  of  the  carrier  gas.  This,  in  turn,  influences 
the  constants  in  van  Deemter’s  equation. 

Assuming  a  uniform  temperature  throughout  the  column,  Boyle’s  Law  states  that  the 
product  of  the  pressure  and  volume  of  the  gas  at  any  point  in  the  column  is  a  constant^^. 
Equating  the  product  of  pressure  and  volume  at  two  points  in  the  column,  and  taking  the 
derivative  of  the  volume  with  respect  to  time  on  both  ades  of  the  equation,  yields  the 
following  relationship  (18:25): 

PV  =  pX  (23) 


where  P  is  the  pressure  at  a  spedflc  point  in  the  column,  V  is  the  volume  flow  rate  at  the 
point  of  interest,  Po  is  the  pressure  at  the  output  of  the  column  (normally  atmospheric 
pressure),  and  is  the  output  volume  flow  rate  (measurable  with  a  flow  meter  on  the 


*T]ut  choice  will  be  jaitified  in  Section  3.1. 

‘^Boyle’e  Lnw  it  PV  s  mRT  where  P  repreeenU  prefenie,  V  repreeenU  voinme,  m  repreeenU  the  number 
of  moles,  R  repreeenU  the  nniverenl  gM  coneUnt,  end  T  repreeenU  temperntnre.  If  the  eune  amonnt  of 
gM  ie  consider^  at  any  point  in  an  ieothermal  column,  the  product  /’(z)V’(x)  (where  P{x)  and  V{x)  are, 
respectively,  the  pressure  and  volume  at  point  z  in  the  column)  is  a  constant  (34:375). 


r, 

\ 
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output  port).  Due  to  viscous  flow^^,  the  flow  rate  measured  at  various  points  in  the  cross 
section  of  the  channel  will  be  different;  thus,  it  is  advantageous  to  deal  with  the  average 
linear  velocity^^,  v.  Furthermore,  since  the  average  linear  vdocity  of  the  gas  flow  at  a 
point  in  a  column  is  proportional  to  the  pressure  gradient  at  that  point,  the  following 
relationship  holds  (18:25):  ' 


dP 

dx 


=  -qv 


(24) 


where  {dPJdx)  represents  the  pressure  gradient,  and  9  is  a  proportionality  coefficient  rep¬ 
resenting  the  column  permeahility^^ .  Since  q  is  dependent  on  the  column  cross  section,  it 
must  be  found  for  each  cross  section  of  interest.  Two  important  cross  sections  include:  the 
two-sided  rectangular  (TSR)  cross  section*^  investigated  by  Gday  (25)  (and  subsequently 
used  by  Terry  (11)  in  the  development  of  his  xniniature  GC)  and  the  rectangular  cross 
section  (see  Figure  10).  Before  developing  the  expressions  for  the  column  permeabilities,  it 
will  be  useful  to  relate  the  column  permeability  to  observable  variables  (i.e.,  input  pressure 
and  output  flow  rate). 

Substituting  Equation  24  into  Equation  23  (after  converting  to  linear  vdocity)  yidds 
(25:42): 


PdP  —  —qVoPodx 


(25) 


where  Vo  is  taken  to  be  the  average  linear  vdodty  of  the  carrier  gas  at  the  column  outlet. 
Lategrating  this  equation  with  the  boundary  condition  that  P  =  Pi  at  x  =  0  (the  column 
inlet),  and  sdving  for  Vo  aX  x  =  L  (and  P  =  Po)  yidds  (11:34): 


**  Viacou  flow  implies  that  the  velocity  of  the  fluid  is  sero  at  the  ph3rsical  boundaries  of  the  constraining 
diaanel. 

’’Assnming  a  constant  cross-sectional  are^  «,  thronghont  the  length  of  the  column,  the  linear  velocity 
is  related  to  the  volnme  flow  rate  by  ‘a’  (i.e.,  s  aS  where  V  is  the  volume  flow  rate  and  S  is  the  average 
linear  velocity)  (18:25). 

**The  column  permeability  can  be  regarded  as  the  fluid  dynamics  analog  to  electrical  resistivity.  It  is  a 
measure  of  how  “constraining”  the  column  is. 

**The  TSR  cross  section  neglects  the  effects  of  the  sidewalls  of  a  rectangular  cdnmn.  As  long  as  the 
width  is  much  greater  than  the  height  of  the  column,  this  approximation  is  valid.  Subsequent  calculations 
will  show  where  this  approximation  fails. 


\ 
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Two-Sided  Rectangular 
(TSR) 


(a) 


Full  Rectangular 


(b) 


Figure  10.  Rectangular  Column  Cross  Sections,  (a)  Two-Sided  P.ectangular  (Sidewall 
Effects  Neglected)  and  (b)  F\ill  Rectangular.  j 


iP.ql  ' 


1 


(26) 


This  equation  establishes  the  relationship  between  output  ^ow  velocity,  input  pres¬ 
sure  and  cdumn  permeability.  In  order  to  evaluate  the  fabricated  columns,  it  will  be 
necessary  to  determine  the  column  permeabilities  for  the  TSR  column  (which  was  used 
by  Terry  to  predict  his  flow  rates)  and  the  rectangular  column  (> 
research  to  predict  flow  rates). 


hich  will  be  used  in  this 


2.4. 1  Column  Permeability  for  a  Two-Sided  Rectangular  Column.  The  Navier-Stokes 
equation**  for  the  motion  of  a  fluid  through  a  TSR  column  is  (assuming  the  geometry  shown 
in  Figure  11,  for  flow  in  the  x-direction  only)  (26:301): 


<Pt>r5i7  _  ^ 

^  d^  dx 


(27) 


equation,  named  after  Lonia  Navier  and  George  Stokes,  is  tbe  fnndamental  equation  describing  a 
fluid  in  motion  (26:41). 


Figure  11.  Coordinate  System  for  Cdumn  Analysis  (the  y~z  Origin  is  l^cn  to  be  the 
Lower  Center  of  the  Rectangular  Cross  Section).  One  Half  of  the  Column’s 
Height  is  2^0,  and  Y  Represents  the  Ccdumn’s  Width. 

where  n  is  the  viscosity  of  the  carrier  gas  (and  can  be  regarded  as  constant  for  isothermal 
flows),  and  ttrsR  is  the  velocity  of  the  carrier  gas.  Integrating  twice  with  respect  to  z  and 
using  the  boundary  conditions  for  viscous  flow  (vrs/t  =s  0  at  r  =  0  and  z  s  2so)  yields: 

•rsi.W  =  -(^)(i)(2«,«-»').  (28) 

The  resulting  velocity  distribution  across  the  cdumn  has  the  parabolic  shape  shown**  in 
Figure  12. 

With  this  velodty  distribution,  the  average  vdodty  of  the  carrier  gas  in  a  cross- 
sectional  slice  of  the  cdunon,  ^sRi  can  be  formulated  by  integrating  over  the  cross  section 
of  the  column  and  dividing  by  the  column  area*^: 

**The  code  used  to  generate  Figure  13  u  in  Appendix  G. 

'^Note  that  the  velocity  u  independent  of  p,  no  the  integration  only  takes  place  over  s. 
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Figure  12.  Normalized  Velodty  Distribution  Across  a  Two-Sided  Rectangular  Column. 

The  column  permeability  for  a  TSR  column,  qrsRy  can  then  be  found  by  applying  Equa¬ 
tion  24  to  Equation  29  (25:43): 

9TSR  -  (30) 

Since  the  N avier-Stokes  equation  for  a  TSR  column  was  made  essentially  one-dimensional 
(by  ignoring  the  effects  of  the  side  walls),  it  yielded  an  analytically  ample  column  perme¬ 
ability.  The  Navier-Stokes  equation  for  a  rectangular  column,  however,  is  two-dimensional, 
and  the  cdumn  permeability  found  for  the  TSR  column  must  be  modified  to  more  accu¬ 
rately  consider  the  effects  of  the  side  walls. 


Column  Permeability  for  a  Rectangular  Column.  The  Navier-Stokes  equar 
tion  for  a  rectangular  column  is  (26:309): 


The  sdution  for  tvee  can  be  written  as  the  sum  of  a  particular  solution,  Vparu  which 
sdves  as: 
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dP 

^  dz^ )  “  “  d*  ’ 


(32) 


and  a  complementary  solution,  VeAar,  which  solves  as: 

^  (ai^  ■*■  a?)  *'**“’■  “ 

The  boundary  conditions  for  viscous  flow  imply  that  tVee  =  Vpart  +  Vehar  must  be 
zero  at  p  =  —Y/2,  y  =  Y/2,  2  =  0,  and  z  =  220  (see  Figure  11).  Since  the  solution  for 
the  Navier-Stokes  equation  of  a  TSR  cdumn  (Equation  28)  is  independent  of  y  and  solv:» 
Equation  32  for  the  assodated  boundary  conditions  of  Vpart  =  0  at  2  =  0  and  2  =  22o,  it 
serves  as  the  particular  solution,  Upart,  of  the  rectangular  column.  The  task  then  becomes 
the  determination  of  the  solution  to  Equation  33  with  the  following  boundary  conditions: 
VeKar  =  0  at  2  =  0  and  2  =  22o,  and  Vpart  =  -Vchar  at  y  =  -y/2  and  y  =  y/2  (26:310). 
Using  the  technique  of  separation  of  variables  (along  with  the  2  boundary  conditions  and 
the  fact  that  the  y  boundary  conditions  are  symmetrical)  ^ves  (26:310): 

(34) 

where  i4n  is  a  set  of  rcieffldents  which  udll  be  used  to  satisfy  the  y  boundary  conditions. 
Unng  the  orthogonality  property  of  the  one  function  (and  the  y  boundary  conditions),  the 
coeffidents  An  can  be  found  (26:311): 


The  complete  sdution  for  viscous  flow  through  a  rectangular  column  is  pven  by  the 
sum  of  Equations  28  and  34  (with  the  coeffidents  described  by  Equation  35).  A  three- 
dimensional  representation  of  the  gas  velodty  across  the  column  is  shown*'  in  Figure  13. 
As  expected,  the  gas  flow  retains  its  parabolic  shape  in  the  y  and  2  directions. 


**The  code  used  to  generate  Figure  13  is  in  Appendix  G. 
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The  average  velocity  across  the  rectangular  column,  Vree,  he  found  by  integrating 
the  sum  of  Vp^n  and  Vehar  over  the  area  of  the  column  and  dividing  by  that  area.  This 
calculation  yields: 


«rec  = 


Yz, 


nm 

' 


I28a„3 

dx 

Yp. 

(36) 


for  the  average  velodty,  and: 


128zJ^ 

Yii 


00 


(»**■)”*  tanh 


(37) 


for  the  column’s  permeability  (following  the  same  steps  used  to  obtain  Equation  30).  The 
first  terms  in  both  of  the  above  equations  (Equations  36  and  37)  are  identical  to  the  values 
found  for  the  TSR  column  (Equations  29  and  30).  The  added  summation  term  takes  into 
account  the  effects  of  the  column  walls  (and  goes  to  zero  as  the  width  of  the  column,  Y, 
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approaches  infinity).  Figure  14  shows*^  the  percentage  of  the  TSR  column  velocity  that  is 
attained  by  a  rectangular  column  with  different  aspect  ratios. 


Figure  14.  Percentage  of  Velodty  Attained  by  a  Two-Sided  Rectangular  Column  versus 
the  Aspect  Ratio  of  a  Rectangular  Ccdumn. 

IVom  Figure  14,  it  is  apparent  that  the  TSR  column  rdationship  is  only  valid  for 
aspect  ratios  greater  than  approximately  4:1.  The  aspect  ratio  of  the  micromachined 
cdumn  created  by  Terry  wasj  approximately  4:1  (width-to-hdght)^  (11).  A  comparison  of 
flow  rate  versus  input  pressure  is  shown’*  in  Figure  15  for  a  TSR  column,  a  rectangular 
cdumn,  and  Terry’s  micronlachined  column.  The  rectangular  colunm  equation  better 
predicts  the  flow/pressure  relationship  for  the  micromachined  cdumn  since  it  takes  into 
account  the  effects  of  the  ride  walls.  For  subsequent  verification  of  the  flow  rates  through 
the  cdumns  which  have  been  fabricated,  the  additional  complexity  of  the  dde-wall  term  is 
ne^gible  (the  cdumn  permeability  need  only  be  calculated  once  for  a  specific  geometry). 

However,  if  the  side-walls  are  taken  into  account  in  the  development  of  a  modified 
van  Deemter  equation,  it  would  have  to  be  done  numerically  due  to  the  complexity  of  the 
initial  equation  which  describes  the  diffudon  of  a  gas  packet  through  a  cdumn  coated  with 

’'The  code  ued  to  geaerate  Figure  14  is  in  Appendix  G. 

^The  column  fabricated  for  this  research  was  approximatdy  30:1 

’’The  code  used  to  generate  Figure  IS  is  in  Appendix  G. 
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Figure  15.  Flow  Rate  versus  Input  Pressure  for  a  Two-Sided  Rectangular  Column,  a 
Rectangular  Column  (Aspect  Ratio  4:1),  and  Actual  Data  Points  for  a  Mi- 
cromachined  Column.  Column  Length  is  C.5  m.  Gas  Viscosity  is  200  /xpdse. 
Output  Pressure  is  1  atmosphere.  Column  Width  is  130  fim,  and  Column 
Height  is  30  /im  (11:36). 

a  retarding  stationary  phase.  Fortunately,  this  is  not  required  since  the  fabricated  columns 
used  in  this  investigation  have  aspect  ratios  in  excess  of  30:1,  so  the  TSR  approximation 
’'dds  (it  was  shown  to  be  valid  for  column  aspect  ratios  greater  than  4:1).  Since  a  form 
of  van  Deemter’s  equation  is  necessary  to  study  the  influence  of  the  column  parameters 
relative  to  each  other  (i.e.,  width,  height,  length,  and  input  pressure),  van  Deemter’s 
equation  will  be  modified  for  a  TSR  column.  In  this  manner,  appropria;te  values  can  be 
chosen  for  initial  column  operational  variables. 

i.4.2  Golay  Solution  for  the  I^n  Deemter  Equation  of  a  Micromachined  Column. 
Gday,  in  Theory  of  Chromatography  in  Open  and  Coated  Tubular  Columns  vrith  Round 
and  Rectangular  Cross  Sections,  developed  two  sets  of  equations  describing  the  interaction 
between  the  sample,  carrier  gas  and  stationary  phase  for  two  column  geometries:  round 
cdunms  and  TSR  columns  (25).  The  two  sets  of  equations  have  a  parallel  development. 
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bat  the  boundary  condition  for  the  round  cross  section  analysis  is  easier  to  visualize,  so 
the  round  cross  section  (usiiig  Figure  16)  will  be  discussed  first”. 

The  general  equation  which  describes  the  diifuaon  of  a  gas  packet  through  a  column 
can  be  expanded  by  invoking  the  chain  rule  of  calculus  to  express  the  total  derivative.  This 
gives  (25:37): 

X?VV  =  f  =  ^  +  ^-V/  (38) 

where  D  is  the  diffusion  coefiident  of  the  sample  in  the  carrier  gas,  /  is  the  density  of  the 
sample”  and  is  a  function  of  both  x  and  t,  v  is  the  velocity  of  the  carrier  gas,  and  t  is  time 
(25:37). 


Figure  16.  Column  Geometry  Used  to  Develop  the  Modified  van  Deemter  Equation.  The 
Radius  of  the  Grcular  Cdamn  is  r,,  and  the  Carrier  Gas  is  Flowing  in  the  x 
Direction  (the  Cdunm  Parameters  are  Independent  of  0). 

Converting  to  cylindrical  coordinates  and  introducing  the  expresaon  for  viscous  flow 
in  the  x  direction  only  (i.e.,  v  =  0  at  r  =  ro)  yields  (25:38): 

"Golay’s  development  is  presented  in  Appendix  F. 

^The  dennty,  /(x,t),  at  any  time,  t,  will  be  normalised  to  nnity  using  the  fact  that  ss  1 

(25:37). 


26 


(39) 
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rSr*  ax^)^ 


where  Vo  is  the  average  velocity  of  the  carrier  gas  through  a  cross-sectional  slice  of  the 
column. 


Assuming  instantaneous  equilibration  in  the  stationary  phase^^,  the  time  rate  of 
change  of  the  density  of  the  sample  in  the  atattonary  phase  is  proportional  (through  the 
partition  ratio)  to  the  rate  d'  change  (with  respect  to  time)  of  the  sample  density  in  the 
carrier  gas  at  r  =  Tq  (i.e.,  if  the  sample  density  at  the  edge  of  the  column  is  increasing  with 
time,  the  concentration  of  the  sample  in  the  stationary  phase  will  also  increase).  Likewise, 
the  time  rate  of  change  of  the  density  of  the  sample  in  the  carrier  gas  at  any  pdnt  in  the 
tube  is  inversely  proportional  (through  the  diffusion  coefficient  and  a  geometrical  factor^ ) 
to  the  rate  of  change  (with  respect  to  the  radius)  of  the  sample  density  (i.e.,  if  the  density 
of  the  sample  is  decreasing  from  the  center  of  the  column,  the  sample  will  diffuse  in  a 
podtive  r  direction,  and  vice  versa).  At  the  boundary  of  the  column,  these  two  processes 
must  be  equal.  Thus,  the  boundary  condition  for  a  circular  column  is  (25:38): 


^2^(21) 


(40) 


where  k  is  the  partition  ratio^. 

Since,  by  definition,  the  height  equivalent  of  a  theoretical  plate,  h,  is  related  to  the 
variance  (incremental  second  moment)  of  the  sample^^,  Golay  solved  Equation  39  with  ihe 
boundary  condition  described  by  Equation  40  for  the  incremental  second  moment  (25:38- 
41).  This  yidds: 


^*I]i  other  word*,  the  Minple  ooncentretioii  acroM  the  width  of  the  atationary  phaae  ia  uiifonn  aince  the 
layer  ia  very  thin. 

^Thu  factor— considering  a  two  dimensional  cross  section — u  the  perimeter  (or  diffusion  "front”)  divided 
by  the  area  that  is  diffusing.  In  the  case  of  a  round  column,  this  becomes  2xr/xT^  s  2/r. 

^The  partition  ratio,  k,  is  dependent  on  both  the  geometry  of  the  column  and  c,  the  partition  co¬ 
efficient  (which  is  a  fundamental  characteristic  of  the  stationary  phase),  k  is  related  to  c  by:  ha 
(area  of  stationary  phase/area  of  colnmn)c.  Thus,  the  effective  partition  ratio  for  a  round  column  is  twice 
that  of  a  TSR  column  (assuming  the  thidmes*  of  the  deposited  stationary  phase  is  identical  in  both  cases). 

’^The  incremental  second  moment,  dm,  of  the  sample  component  described  by  /  >•  defined  as:  dm  = 
d  *  /x*  dt  (25:38).  The  incremental  second  moment  is  also  the  change  in  variance  per  unit  length 
(which  is  the  definition  of  the  plate  height — see  Section  2.3.2.1)  (27:918). 


/  ■ 
_/  ; 

/■  / 
■  ( 


27 


(41) 


.  > 


1 1 
i 


I  '■./  . 


.  l  +  6jb  +  llifc»t>oro» 

"round 24(1  + it)*  D  ’ 

Fdlowing  a  similar  development,  Golay  also  derived  the  plate  hdght  for  a  TSR 
cdumn  (25:42): 


,  .  4(l  +  9*  +  51ibV2)»o*o* 

'^SR  =  + - 


105(1  +  kf  D 


(42) 


where  is  half  of  the  column  height  (see  ^gure  11).  Both  Equation  41  and  42  parallel 
van  Deemter’s  equation  for  a  capillary  column  (see  Equation  10).  In  fact,  the  two  terms 
in  Golay’s  equation  can  be  thought  of  as  the  coefficients  in  van  Deemter’s  equation  where 
the  first  term  on  the  right  represents  molecular  diffusion,  and  the  second  term  represents 
resistance  to  mass  transfer  in  the  carrier  gas.  However,  there  is  no  corresponding  term 
representing  resistance  to  mass  transfer  in  the  stationary  phase  since  the  initial  assumption 
was  that  the  stationary  phase  layer  was  so  thin  that  equilibration  across  this  layer  was 
instantaneous  (alternately,  if  the  stationary  phase  was  a  solid  whose  mode  of  retention  was 
adsorption-desorption  at  the  solid’s  surface,  the  sample  would  not  penetrate  into  the  bulk 
of  the  material,  so  resistance  to  mass  transfer  in  the  stationary  phase  could  be  ne^ected). 

Udng  Equation  8  to  determine  the  corresponding  separation  factors  permits  the  com¬ 
parison  of  the  relative  effidendes  of  round  and  TSR  columns.  The  normalized  separation 
factor  for  the  two  column  geometries**  is  shown  in  Figure  17.  fVom  Figure  17,  it  is  readily 
apparent  that  the  round  column  is  always  more  effident  than  the  TSR  column  (when  oper¬ 
ated  under  identical  conditions).  This  improved  effidency  is  primarily  due  to  the  increased 
ratio  of  cdumn  wall  (or  perimeter)  to  column  area  (which  increases  the  relative  partition 
ratio)  and  the  addition  of  viscous  fiow  at  the  curved  “tide  wai^s”  of  the  round  column 
(which  decreases  the  plate  height  for  large  values  of  k). 

Since  a  round  column  (with  radius  to)  is  more  effident  th^  a  TSR  cdumn  (with 
Zo  =  fo),  a  rectangular  column  with  a  finite  width  and  a  height  of  2zo  =  2r„  will  also  be 
more  effident  than  a  TSR  cdumn  due  to  the  two  additional  sidew^s  which  interact  with 
the  sample.  Thus,  calculating  cdumn  parameters  for  a  rectangular  cdumn  with  an  aspect 


^The  code  ued  to  genetete  Fignie  17  if  in  Appendix  G. 
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Partition  Coefficient 

Figure  17.  Normalized  Separation  Factor  for  Round  and  Two-Sided  Rectangular 
Columns  (zg  —  To). 

ratio  less  than  4:1,  based  on  Equation  42,  would  result  in  a  worst-case  design  (whose  actual 
performance  would  be  better  than  the  calculations  indicate  since  the  additional  sidewalls 
would  improve  the  column  performance).  Fortunately,  the  colunms  actually  fabricated  in 
this  investigation  have  aspect  ratios  on  the  order  of  30:1.  Therefore,  these  equations  will  be 
used  in  Chapter  4  to  justify  the  column  design  used  and  the  associated  parameter  choices. 

t.4.S  Micromachined  Column  Summary.  With  this  discussion  of  GC  column  theory 
applied  to  a  micromachined  column,  it  is  now  apparent  that  the  column  (with  a  stationary 
phase^  coating)  performs  the  critical  function  in  a  gas  chromatograph  (since  it  determines 
how  effectively  the  components  wiU  be  separated).  However,  separating  the  components  is 
not  enough.  A  useful  GC  must  also  contain  a  detector  with  sulGcient  sensitivity  (minimum 
detectable  concentration)  and  selectivity  (isolated  detection  of  the  compounds  of  interest). 


^Tli«  selection  of  a  sniUble  sUtioasiy  phase, 
will  be  presented  in  Section  4.1.1. 


as  well  as  a  discnssion  of  alternative  stationary  phases, 
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t.S  Detectors. 


There  are  two  basic  classes  of  detectors:  general  detectors  and  selective  detectors. 
A  general  detector  is  sensitive  to  a  wide  variety  of  compounds  (or  a  class  of  compounds 
which  is  large;  for  example,  organic  compounds),  whereas  a  sdective  detector  responds 
only  to  a  certain  class  of  compounds  (with  a  finite  number  of  members)  (see  Figure  18). 
The  chmce  of  a  detector  generally  depends  on  the  type  of  measurement  that  is  required. 
Table  2  lists  typical  GC  functions  with  the  corresponding  detector  requirements.  These 
detector  requirements  facilitate  the  determination  of  suitable  detectors,  since  there  are  a 
wide  variety  of  detectors  available.  Throughout  this  discussion,  any  references  made  to 
sensitivity  are  based  upon  concentration  levels  within  a  10  fi\  sample  loop^. 


Table  2.  Gas  Chromatograph  Detector  Functions  (28:217). 


Function 

Detector  Requirement 

Meesnre  relative  amonDta  of  compound* 

Stability  of  response  factors  and  linearity  over  a 
specific  concentration  range 

Meaenre  compound*  without  *tandard* 

Predictability  of  response  factors 

Measure  peak*  in  the  preaence  of  background 

Specificity  and  freedom  from  quenching  or  en¬ 
hancement  of  response 

Sense  trace  level* 

Minimum  detectable  level  and  sensitivity 

Sense  a  wide  variety  of  compound* 

Universality  of  response  (general  detector) 

Sense  peaks  unresolved  from  background 

Specificity  of  response  (selective  de  ector) 

Confirm  a  molecular  property  of  a  compound 

Predictability  cf  specific  response 

Identify  unknown  compounds 

Produce  spectra,  interpretable  or  comparable 
with  a  library  of  known  spectra 

t.5.1  Thermal  Conductivity  Detector  (TCD).  The  r'ost  common  GC  detector  is 
the  TCD,  which  operates  by  sensing  a  differeuc**  in  thermal  conductivity  between  heated 
filaments  (or  thermistors),  whose  resistance  changes  as  a  function  of  temperature,  when 
they  are  suspended  in  two  chambers  (29:70).  Typically,  one  chamber  has  pure  carrier 
gas  flowing  through  it,  and  the  second  chamber  has  the  output  gas  of  the  GC  cdumn 
flowing  through  it  (30:44).  A  change  in  the  thermal  conductivity  of  the  second  chamber 
can  be  detected  using  a  common  Wheatstone  bridge  configuration  (30:44).  The  TCD  is 

**TUs  loop  siM  will  be  diecoMed  la  Section  4.1.3. 


considered  a  general  detector  since  it  is  “capable  of  detecting  almost  everything”  (15:33). 
For  a  thermistor  based  TCD  (which  is  compatible  with  the  scale  of  the  MMGC),  the  most 
important  aspect  in  its  sensitivity  is  the  operating  point^^. 

In  order  to  determine  an  appropriate  operating  point  for  the  TCD,  it  is  important  to 
have  an  understanding  of  the  relationship  between  the  thermistor  and  the  noise  produced 
by  the  power  supply.  Therefore,  the  sensitivity  of  a  thermistor’s  response  to  fluctuations 
in  the  power  supply  will  be  developed  from  the  basic  themustor  equations. 

2.5. 1.1  Thermistor  Theory.  The  equation  describing  the  operation  of  a  ther¬ 
mistor  in  the  self-heated  mode^^  at  thermal  equilibrium  is  (31:1292): 


P^VI=^6(Tt-T^)  (43) 

where  p  is  the  power  dissipated  by  the  thermistor,  V  is  the  thermistor  voltage,  I  is  the 
thermistor  current,  6  is  the  thermistor  dissipation  constant^,  Tt  is  the  thermistor  tem¬ 
perature,  and  is  the  temperature  of  the  thermistor  cell  wall.  Also,  when  a  constant 
current,  /,  is  allowed  to  flow  through  the  thermistor,  the  voltage  drop  across  it  at  thermal 
equilibrium  is  given  by  (32:715): 


V  =  /fZrfc  =  /iZ<,«p[-/?(^-^)]  (44) 

where  lUe  i*  the  resistance  of  the  thermistor  at  thermal  equilibrium.  Re  is  the  resistance 
of  the  thermistor  when  it  is  maintained  at  a  temperature  of  To,  and  0  is  the  characteristic 
thermistor  temperature  (a  material  parameter). 

Solving  Elquation  43  for  Tt,  substituting  the  result  in  Equation  44,  solving  for  V, 
and  making  the  assumption  that  To  =  Ty,  yields^  (32:716): 


Since  the  TCD  was  identified  an  the  secondary  detector  for  this  inveatigation,  a  more  rigorona  treatment 
of  its  fnndamenta]  theory  (relative  to  the  other  detectors  diaenssed  in  this  section)  is  provided  here. 

**In  the  self-heated  mode,  the  thermistor  is  dissipating  snflident  power  to  raise  its  temperatnre  above 
the  ambient  temperature  (31:1293). 

**This  term  in  defined  as  ‘Hhe  ratio,  at  a  specified  ambient  temperature,  of  a  change  in  power  dissipation 
in  a  thermistor  to  the  resultant  body  temperatnre  change*  (31:1293). 

**T1us  assumption  is  valid  if  /!«  is  mewured  at  the  anticipated  ambient  temperatnre  of  the  TCD  cell. 
For  the  proposed  MMGC,  both  T»  and  Tm  are  considered  to  be  room  temperatnre  (35*C). 
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where  po  is  a  characteristic  power  of  the  thermistor  defined  by  po  =  (^7w)//^i  and  pi  is 
the  characteristic  power  of  the  thermistor  defined  by  pi  =  6Ty,.  Since  p  is  dependent  on 
V,  there  is  no  analytical  solution  for  Equation  45.  However,  by  numerically  sdving  for 
V  in  terms  of  /,  the  current-voltage  characteristics  of  a  thermistor^  can  be  plotted  (see 
Figure  19). 


i.S.l.t  Power  Supply  Sensitivity.  lYom  the  current-voltage  characteristics  of 
the  thermistor  (Figure  19),  it  is  apparent  that  there  is  a  minimum  current  (approximately 
0.5  noiA.)  after  which  the  thermistor  behaves  with  a  negative  resistance.  Talcing  the  partial 
derivative  of  Equations  43  and  44  with  respect  to  /,  and  solving  them  for  (dV/dl)  yields^ 
(32:717): 


dl 


s  RtssJI^ 


{i+p/pi?  -pIpo 


(1+J>/Pi)  +p/PD 


■  (46) 


where  Rt  is  defined  as  the  thermistor's  sensitivity  to  changes  in  current.  A  plot  of  Equa¬ 
tion  46  is  shown  in  Figure  20.  Thus,  to  minimize  the  effects  of  current  fluctuations,  the 
operating  point  should  be  chosen  such  that  Rj  is  in  the  negative  resistance  re^on. 


The  plots  presented  in  figures  19  and  20  are  based  upon  the  published  specifications 
of  a  specific  thermistor.  In  practice,  a  calibration  plot  of  current  versus  voltage  for  the 
finished  TCD  is  generated  (this  curve  has  the  same  basic  shape  as  Figure  19).  It  is  then 
possible  to  numerically  differentiate  the  I-V  plot  to  determine  the  minimum  power  supply 
sensitivity  and  find  a  useful  operating  point. 


Typical  detection  limits  for  a  TCD  to  the  gases  of  interest  within  a  10  /d  sample  vol¬ 
ume  are  approximately  30  ppm  for  NO3,  and  90  ppm  for  NH3  (13).  Two  major  advantages 


**For  tk«  parpoM*  of  this  diacotMoa,  the  thcrmiator  ie  aaeamed  to  be  a  12S  pra  diameter  Therraometrim 
BOS  Thermobead  (Thermometries,  lac.,  Series  BOS,  Edisoa,  NJ)  with  the  foUo^ag  coastaata:  fi  t  3359*K, 
I  m  0.04S  mW/*K,  aad  A.  -  10  Kfl  (33:B-3). 

**Siaee  7r  k  a  fanctioa  of  V,  /,  T»,  aad  t  (from  Eqaatioa  43),  and  V  la  a  fcactioa  of  Tt  (from 
Eqaatioa  44),  both  TV  aad  V  are  faactioas  of  7, 3^,  and  f. 
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of  this  detector  are  that  it  is  nondestructive  with  respect  to  the  cdumn  effluent  (thus,  the 
effluent  from  the  TCD  can  be  passed  to  another  detector),  and  thermistor  sensing  elements 
can  be  made  very  small  (on  the  order  of  the  features  in  the  MMGC).  Therefore,  the  TCD, 
is  an  excellent  general  purpose  detector  for  the  MMGC.  An  example  of  a  standard  thermal 
conductivity  detector  is  shown  in  Figure  21. 

2.5.2  Ionization  Detectors.  Another  common  form  of  GC  detector  is  based  on  the 
ionization  of  the  column  effluent  to  produce  a  time- varying  current  between  two  electrodes 
within  the  detector.  Although  the  basic  principle  behind  all  ionization  detectors  is  the 
same,  they  differ  in  the  way  that  the  effluent  is  ionized. 

2.5.2.1  Flame  Ionization  Detector  (FID),  figure  22  depicts  a  typical  FID. 
The  basic  principle  behind  the  operation  of  the  FID  invdves  the  combustion  of  the  column 
effluent  by  mixing  it  with  hydrogen.  Two  electrodes  with  fixed  potentials  are  placed 
near  the  flame,  and  the  current  between  them  is  measured.  This  current  varies  with  the 
amount  of  carbon  (from  organic  compounds)  which  is  combusted.  Sternberg  provides  an 
explanation  for  the  ionization  effect: 


[A]  hydrogen-air  or  hydrogen-oxygen  diffusion  flame  provides  [the]  high  temper¬ 
ature  and  reactive  intermediates  to  strip  and  crack  organic  sample  molecules. 
Sample  fragments  react  with  flame  intermediates  in  [the]  zone  in  exothermic 
reactions;  for  given  flame  conditions  there  is  a  fixed  probability  of  reaction 
of  [the]  proper  fragment  with  sufficiently  energetic  intermediate[s]  to  produce 
ionic  products  through  chemi-ionization  reactions.  There  is,  therefore,  for  a 
particular  molecular  species  under  pven  operating  conditions],]  a  certain  ion¬ 
ization  efficiency,  [The]  diffusion,  heat  capacity  and  thermal  conductivity 
properties  of  [the]  carrier  gas  affect  [the]  magnitude  of  Ions  and  electrons  are 
completely  collected  by  [the]  application  of  [an]  electrical  field,  and  [a]  current, 
t,  is  measured  (34:183). 


Although  the  FID  primarily  detects  organic  compounds,  it  is  still  considered  a  general 
detector  since  it  is  not  selective  with  respect  to  the  type  of  organic  compound  it  detects 
(15:37).  The  FID  is  useful  for  making  quantitative  analyses  since  it  ‘‘...is  linear  over 
several  orders  of  magnitude,  and  because  the  peak  areas  of  the  chromatogram  are  a  direct 
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measure  of  the  size  of  the  sample  injected,  without  being  affected  by  minor  variations  in 
the  flow  rate  of  the  carrier  gas”  (35:135). 

Unfortunately,  the  FID  is  not  highly  sensitive  to  the  two  gases  of  interest,  NO2 
and  NH3  (36:266).  This  lack  of  response,  coupled  with  the  difficulty  of  incorporating  the 
complex  FID  structure  using  micromachining  techniques,  implies  that  the  FID  should  not 
be  considered  as  a  candidate  detector  for  the  MMGC  system. 

i.5.2.2  Photoionization  Detector  (PID).  The  photoionization  detector  is  sim¬ 
ilar  to  the  flame  ionization  detector,  except  that  a  UV  irradiation  source  is  substituted  for 
the  hydrogen  gas  flame  (see  Figure  23)  (17).  The  UV  source  ionizes  the  colunm  effluent 
gas,  and  the  subsequent  ions  are  detected  as  a  time-varying  current.  Although  it  is  listed 
under  general  detectors,  the  PID  is  somewhat  selective  since  it  “...is  only  suitable  for 
detecting  those  substances  which  ^ve  a  response  on  a  flame  ionization  detector”  (37:42). 
Again,  this  implies  that  the  PID  is  not  a  viable  candidate  for  the  MMGC. 

2.5.2.S  Electron  Capture  Detector  (BCD),  The  BCD  (see  Figure  24)  is  very 
selective  towards  halogenated  compounds.  It  uses  a  /9-radiation  source  to  ionize  the  columq 
effluent  and  records  the  current  flowing  between  two  electrodes  hdd  at  a  fixed  potential. 
Since  the  carrier  gas  (typically  nitrogen  or  argon)  is  easUy  ionized,  a  steady-state  current 
response  can  be  obtained  (15:43): 

Na^Nj-be-.  (47) 

However,  when  a  highly  electronegative  spedes  (primarily  halogenated  compounds)  enters 
the  chamber,  the  current  drops  sharply  since  the  dectronegative  component,  represented 
by  EC  in  the  following  equations,  can  capture  free  dectrons  (38:131): 

EC  +  e~  EC~  +  energy.  '  (48) 

The  resultant  anions  are  too  heavy  to  avoid  the  nitrogen  cations,  and  are  captured  by 
them,  prodttdng  (15:44): 
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EC~  +  Nj  -►  EC  +  N2  +  energy. 


(49) 


Therefore,  the  decrease  in  the  current  represents  the  quantity  of  the  halogenated  compound 
in  the  chamber,  and  this  change  can  readily  be  measured.  Since  the  ECD  is  configured 
for  halogens,  and  requires  a  radiation  source,  it  would  not  be  a  suitable  detector  for  this 
research. 

S.5.2.4  Cross-Section  Detector  (CSD).  The  cross-section  detector  has  a  sim¬ 
ilar  construction  and  operating  prindple  as  does  the  ECD  in  that  it  is  based  on  an  a- 
or  /3-radiation  source  which  ionizes  the  column  effluent  (see  Figure  24)  (18).  However, 
instead  of  relying  upon  the  nitrogen  cations  to  capture  the  halogen  anions,  the  CSD  is 
based  upon  detecting  the  increase  in  current  created  by  the  ionized  column  effluent.  Since 
the  probability  of  collision  between  a  gas  molecule  and  a  particle  is  proportional  to  its 
cross-sectional  area,  a  carrier  gas  with  a  small  cross-section  is  recommended  (typically 
hydrogen  or  helium)  (13).  It  is  considered  a  general  detector  since  it  responds  to  any  gas 
which  can  be  ionized  by  the  radiation  source.  Typical  sensitivity  of  the  CSD  to  a  10  /tl 
sample  of  NO3  is  on  the  order  of  50  ppm,  and  to  a  lO/d  sample  of  NH3  is  on  the  order  of 
90  ppm  (13).  The  significant  disadvantages  of  the  CSD  are  the  complexities  involved  with 
handling  the  reqtiired  radiation  source,  and  the  difficulty  encountered  with  fabricating  the 
CSD  on  a  scale  compatible  with  thv  '  IMGC.  Thus,  the  CSD  is  considered  an  unsuitable 
detector  for  this  investigation. 

Two  other  detectors  developed  from  the  CSD  are  the  argon  and  helium  detectors. 
The  argon  detector  differs  from  the  CSD  in  that  the  carrier  gas  must  be  argon  which 
is  excited  (but  not  ionized)  to  a  metastable  state  (11.6  eV).  The  excited  argon  atoms 
are  then  capable  of  interacting  with  (and  ionizing)  the  other  gases  present  in  the  column 
effluent  (18).lSince  the  metastable  state  is  not  ionized,  the  carrirr  gas  does  not  contribute 
to  the  conductivity  within  the  ionization  chamber,  but  the  other  ionized  species  enhance 
the  conducti^^ty  which  can  be  detected  by  the  chamber  electrodes  (see  Figure  24)  (18). 
Additionally,  the  excited  argon  atoms  increases  the  probability  of  ionization  for  the  other 
gas  species.  This  feature  improves  the  detector’s  sensitivity,  and  for  the  gases  of  interest. 
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a  typical  minimum  detectable  concentration  in  a  10  /d  sample  loop  is  0.05  ppm  for  NO2, 
and  0.15  ppm  for  NH3  (13). 

The  helium  detector  operates  in  the  same  manner  as  the  argon  detector;  however, 
since  the  metastable  state  of  helium  is  19.8  eV,it  is  capable  of  ionizing  more  species  (i.e.,  the 
permanent  gases).  For  the  gases  of  interest,  a  typical  minimum  detectable  concentration 
in  a  10  /il  sample  loop  is  0.001  ppm  for  NO2,  and  0.003  ppm  for  NH3  (13).  Both  the 
helium  and  argon  detectors  share  the  same  disadvantage  as  the  BCD  and  the  CSD;  the 
requirement  of  a  radiation  source. 

2.5.2.5  Nitrogen-Phosphorus  Thermionic  Detector  (NPD).  The  NPD  responds 
"...  to  nitrogen-  and  phosphorus-containing  compounds  by  surface  ionization  on  heated 
alkali-impregnated  sources”  (39:285).  It  is  very  spediic  and  ideal  for  detecting  any  com¬ 
pounds  which  contain  nitrogen  or  phosphorus.  Figure  25  shows  a  typical  configuration  of  a 
nitrogen-phosphorus  detector  with  a  rubidium  bead  as  the  alkali  source.  For  a  10  p\  sam¬ 
ple,  the  NPD  is  theoretically  capable  of  detecting  NO3  concentrations  as  low  as  0.2  ppm 
and  NH3  concentrations  as  low  as  0.6  ppm.  However,  since  heating  of  the  alkali  source  is 
accomplished  through  the  combustion  of  the  hydrogen  carrier  gas,  this  detector  would  not 
be  compatible  with  the  scale  or  thermal  requirements  of  the  MMGC. 

2.S.S  Quartz  Crystal  Microbalance  Detector  (QCMD).  Ori^nally  used  as  a  thick¬ 
ness  monitor  for  integrated  circuit  (IC)  thin  film  deposition  processes,  the  quartz  crystal 
microbalance  has  been  used  in  recent  years  as  a  gas  detector  (40).  In  principle,  the  QCMD 
is  based  upon  altering  the  fimdamental  osdllation  frequency  of  a  quartz  crystal  osdllator 
by  the  adsorption  of  gas  mdecules  onto  an  adsorbent  coating.  Based  upon  the  coating,  the 
QCMD  can  be  made  selective  to  certain  dasses  of  compounds.  Assuming  a  coating  which 
adsorbed  both  NO2  and  NH3  (posably  CuPc,  itsdf),  theoretical  sensitivities  of  a  10  MHz 
QCMD  to  these  gases  in  a  10  /d  sample  loop  would  be  50  ppm  for  NO3,  and  140  ppm  for 
NH3  (41).  Since  it  is  compatible  with  the  geometries  required  for  the  MMGC,  the  QCMD 
is  a  potential  candidate  for  an  MMGC  detector. 
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A  related  detector,  the  surface  acoustic  wave  detector  (SAWD),  operates  in  a  sim¬ 
ilar  manner  to  the  QCMD  (gas  adr^orption  causes  a  shift  in  the  fundamental  oscillation 
frequency);  however,  the  mechanical  wave  in  a  SAWD  is  confined  to  the  top  surface  of 
the  piezoelectric  material  (42).  This  feature  permits  the  use  of  IC  fabrication  technology 
which  ^ves  the  SAWD  the  ability  to  operate  at  higher  frequencies,  thus  improving  its  sen- 
ativity  (41).  Again,  assuming  a  coating  which  adsorbed  both  NOs  and  NH3,  theoretical 
sensitivities  of  a  100  MHz  SAWD  to  these  gases  in  a  10  /d  sample  loop  would  be  1  ppm  for 
NOjand  2.8  ppm  for  NH3  (41).  Because  of  its  compatibility  with  IC  fabrication  processes, 
the  SAWD  is  also  a  potential  candidate  for  an  MMGC  detector. 

2.5.4  Ball  Electrolytic  Conductivity  Detector  (JJECD).  Like  the  dectron  capture 
detector,  the  HECD  is  selective  towards  detecting  halogenated  compounds.  It  functions 
as  fdlows  (38:132): 

Halogens  in  the  column  effluent  are  catalytically  converted  to  edds  and  mixed 
with  a  solvent  to  form  a  heterogeneous  mixture  of  liquid  and  gas  phases.  The 
liquid  phase  which  is  extracted  from  this  mixture,  passes  through  a  bridge  type 
differential  conductivity  detector.  The  presence  of  addic  spedes  in  the  flowing 
solvent  causes  changes  in  the  detector’s  liquid  baseline  reading  thus  giving  the 
chromatogram.  The  gas  and  liquid  phases  are  then  recombined  and  returned 
to  the  solvent  reservoir  (38:132). 

The  complexity  of  this  detector  argues  against  its  use  in  a  micrc  machined  environ¬ 
ment,  where  simplidty  is  key.  Additionally,  ance  the  HECD  is  selective  towards  halogens, 
it  would  not  make  a  good  choice  for  the  MMGC  detector.  Figure  26  depicts  the  catalytic 
reactor  and  conductivity  cell  of  a  commerdal  Hall  electrolytic  conductivity  detector. 

2.5.5  Chemireaistor  Detector.  A  typical  chemiresistor  consists  of  a  pair  of  planar 
interdiptated  electrodes  (one  “driven”  by  an  external  voltage  source,  and  the  other  ref¬ 
erenced  to  ground)  that  are  covered  by  a  chemically  sensitive  thin  film  whose  electrical 
reastance  changes  in  the  presence  of  a  gas  (see  Figure  27).  For  an  interdi^tated  array,  the 
geometry  is  a  critical  design  factor  since  the  length  of  the  effective  resistive  path,  along 
with  its  width,  determines  the  overall  resistance  of  the  chemiresistor. 
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In  order  to  sense  changes  in  the  resistance  of  the  chemically-senutive  film,  the  length 
and  width  of  the  interdi^tated  electrode  array  must  be  chosen  such  that  the  overall  re- 
astance  (and  antidr'^ted  changes  upon  e'iposure  to  a  challenge  gas)  is  compatible  «dth 
the  range  that  can  be  detected  by  the  external  instrumentation.  Thus,  it  is  necessary  to 
quantify  the  rdationship  between  the  interdi^tated  electrode  structure  (i.e.,  number  of 
fingers,  finger  length,  and  interelectrode  spadng)  and  the  equivalent  length  and  width  of 
the  effective  resistive  path. 

Ibr  finger  length,  //,  number  of  driven  fingers,  n/,  and  assuming  that  the  dectrode 
spadng,  s  is  much  less  than  //  (see  Figure  27),  the  effective  chemiresistor  width,  We,  can 
be  approximated^  by: 

t0e=2n//|  (50) 


since  each  driven  finger  has  two  sides  of  length  /{.  Knowing  the  resistivity,  p,  of  the 
chemically  sensitive  film  (both  before  and  after  exposure),  then,  permits  calculation* of  the 
overall  resistance  of  the  chemiresistor.  Re,  using  the  following  equation  (44): 


P» 

w,Tf 


(51) 


where  Tj  is  the  thickness  of  the  film,  and  s  is  the  interelectrode  spadng  (or  the  effective 
length  of  the  chemiresistor). 


Using  standard  IC  processes,  diemiresistors  are  relatively  easy  to  construct.  However, 
the  mechanism  behind  their  operation,  although  simple  in  general  prindple,  is  highly 
dependent  on  the  chemically-sendtive  film.  An  area  of  ongoing  research  is  the  copper 
phthalocyanine  based  chemiredstor,  since  copper  phthalocyanine  has  shown  remarkable 
sensitivity  to  nitrogen  dioxide  (on  the  order  of  parts-per-billion)  (7,  43,  45).  Also,  the 
chemiresistor  can  be  manufactured  using  IC  fabrication  techniques,  so  it  is  compatible  with 
the  small  geometries  assodated  with  the  MMGC.  Experimentally  determined  detection 

more  *00111110  exprearion  which  iiicorpotatee  the  electrode-end  contribution  ia:  w,  at  (n/  -  l)(4a  -|- 
3/1)  +  2fi  -f  a,  which  ledncea  to  Equation  SO  as  the  ratio  *//i  approachea  lero. 


limits  of  a  10  fA  sample  for  the  gases  of  interest  are  25  ppm  for  NO3  and  250  ppm  for  NH3. 
Thus,  the  chemiresistor  is  a  potential  candidate  for  an  MMGC  detector^. 

i.5.5.1  Optical  Detectors.  There  are  also  a  wide  variety  of  sensitive,  optical 
detectors  based  upon  the  absorption  or  transmission  of  light.  However,  due  to  the  scope 
of  this  investigation,  these  detectors  were  not  considered  because  of  thdr  requirements  for 
specialized  instrumentation. 

2.5.6  Detection  Techniques  Specific  to  Ammonia  and  Nitrogen  Dioxide.  After  re¬ 
viewing  the  common  GC  related  detectors,  it  is  appropriate  to  discuss  alternative  detection 
schemes  designed  specifically  for  NO3  and  NH3,  since  the  ultimate  goal  of  this  research  is 
to  separate  and  detect  these  two  gases.  Some  of  these  detection  techniques  can  be  coupled 
with  a  GC  to  help  remove  the  effects  of  interfering  compounds;  however,  many  of  these 
techniques  are  stand-alone  chemical  processes  that,  while  they  provide  accurate  measures, 
require  a  pre- concentrated  sample,  a  significant  amount  of  time,  and  complex  chemical 
reagents. 


2.5.6.1  Ammonia.  One  of  the  standard  techniques  for  determining  the  am¬ 
monia  concentration  in  air  is  the  indophend  method  (46).  Using  this  method,  ammonia  is 
collected  by  babbling  an  air  sample  through  a  solution  of  sulfuric  add  to  form  ammonium 
sulfate.  The  ammonium  sulfate  is  then  converted  to  indophenol  (a  blue  dye),  which  is 
analyzed  cdorimetrically  (46).  This  method  considered  reliable,  "but  it  is  rather  tedious 
and  time-consuming  for  routine  analysis”  (47).  Also,  the  detection  limit  for  a  10  /xl  sample 
is  high  (approximately  1.5  x  10‘  ppm),  and  this  method  is  not  readily  adaptable  to  the 
MMGC  (46). 

Another  method  of  NHa  detection  invdves  the  continuous  monitoring  of  the  chal¬ 
lenge  gas  using  a  membrane-electrode  system  where  a  buffer  solution  is  continually  passed 
through  a  microporous  tube,  which  absorbs  the  ammonia  that  is  present.  The  sdution  is 


**Siace  the  chemiresutor  wu  identified  as  the  primary  detector  for  this  investigation,  the  actual  design 
of  the  chemiresistor  is  presented  in  Section  4.I.3.I.  Also,  a  more  detailed  discussion  of  the  properties 
of  copper  phthalocyanine,  and  its  use  in  a  chemirenstor  gas  detector  is  presented  in  Appendix  B,  and 
additional  specifics  on  a  CnPc  based  chemiresistor  are  presented  in  Section  C. 
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then  examined  with  an  ion-selective  electrode  ‘Huned”  to  ammonia  (8).  Sensitivity  to  NH3 
in  a  10  ftl  sample  is  approximately  1200  ppm  (8).  Although  this  method  can  continuously 
monitor  ammonia  levels,  and  could  possibly  be  modified  to  function  as  a  GC  detector, 
it  is  not  compatible  with  the  scale  imposed  by  the  MMGC.  Additionally,  it  suffers  from 
exclusive  selectivity,  and  it  is  not  responsive  to  NO3. 

There  are  also  a  wide  variety  of  methods  that  involve  the  use  of  denudet^  tubes  or 
filter  packs  to  concentrate  NH3  for  subsequent  detection  (47,  48).  Since  these  methods  of 
analysis  are  intended  for  long-term  sampling  of  a  challenge  gas,  they  are  not  compatible 
with  the  necessarily  small  sample  azes  used  in  the  MMGC  (a  typical  detection  limit  of 
NH3  in  a  10  /tl  sample  is  approximatdy  1.5  X  10^  ppm)  (47).  These  techniques  are  also 
applicable  to  the  detection  of  NO3,  but  they  suffer  from  some  or  all  of  the  aforementioned 
disadvantages  (i.e.,  exclusive  sdectivity  and  incompatibility  with  the  MMGC). 

2.5.6.S  Nitrogen  Dioxide.  A  frequently  used  technique  for  detecting  atmo¬ 
spheric  NO]  is  the  Saltzman  method  which  is  similar  to  the  NH3  indophenol  technique. 
That  is,  the  NO2  is  absorbed  by  a  dye  forming  reagent,  and  the  product  is  then  analyzed 
cdorimetrically  (49,  50,  51).  This  technique  has  the  same  limitations  with  respect  to  this 
research  as  the  colorimetric  technique  used  to  detect  NH3.  The  detection  limit  for  this 
technique  using  a  10  (A  sample  is  approodmatdy  a  2000  ppm  concentration  of  NO3  (50). 

Nitrogen  dioxide  can  also  be  continuously  monitored  using  a  chemiluminescent  reac¬ 
tion  with  ozone  (after  it  is  converted  to  NO)  (52, 53).  This  could  be  incorporated  into  a  GC 
using  a  commercial  converter  (52).  However,  to  determine  the  actual  N03concentration, 
a  cyclic  mode  of  operation^^  is  required  which  nearly  doubles  the  analysis  time.  The  NO2 
detection  limit  is  approximately  2500  ppm  in  a  10  /d  sample.  Additionally,  the  size  of  the 
apparatus  required  is  not  directly  compatible  with  the  MMGC. 

**A  dennder  tube  U  typically  a  glaaa  tube  with  a  aoibent  wall  coating  (47). 

*^Tlua  would  leqnire  two  GC  rant.  On  tbe  fint  nin,  the  NOjwonld  Im  converted  to  NO  and  the  inm 
of  tbe  natnral  NO  and  tbe  converted  NO  would  be  detected.  On  tbe  aecond  run,  tbe  converter  would  be 
removed  from  tbe  line,  and  tbe  natnral  NO  would  be  detected.  Subtracting  tbe  results  of  tbe  two  runs 
would  yield  tbe  NO3  concentration  (54). 
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A  modified  chemiluminescent  technique  that  overcomes  some  of  the  problems  associ¬ 
ated  vdth  the  standard  technique  discussed  above  has  been  described  by  Burkhardt  (55). 
A  lumind  solution  replaces  the  ozone  reaction,  diminating  the  need  for  NO2  conversion 
to  NO  for  detection  while  enhancing  the  detectable  »gnal  (55).  The  NO2  detection  limit 
attributed  to  the  improved  signal  is  reduced  to  approximatdy  0.3  ppm  in  a  10  ftl  sample. 
However,  interference  with  NO  was  reported  (implying  that  the  NO2  detection  might  not 
be  accurate  if  NO  is  present)  and  aging  of  the  luminol  reagent  caused  basdine  shifts  (48). 

2.5. 7  Detector  Summary.  Table  3  summarizes  the  selectivity,  theoretical  minimuo' 
detectable  concentrations,  and  MMGC  compatibility  for  the  various  detection  methods  de¬ 
scribed  in  this  section.  Of  the  detectors  and  detection  methods  discussed  above,  only  four 
were  considered  compatible  with  the  small  scale  of  the  MMGC:  the  SAWD,  the  chemire- 
sistor,  the  TCD,  and  the  QCMD.  Of  these  four  detectors,  the  two  which  would  require 
the  most  straightforward  instrumentation  were  the  TCD  and  chemiresistor.  Both  the 
SAWD  and  the  QCMD  would  require  external  RF  sources  to  operate  (with  the  associated 
requirements  for  electrical  connections  and  shielding).  Additionally,  ance  the  TCD  and 
chemiresistor  were  both  non-destructive  with  regards  to  the  column  effluent,  they  could 
be  used  in  a  dual-detector  (tandem)  configuration.  This  implementation  would  have  the 
added  benefit  of  the  TCD  and  chemiresistor  complementing  each  other  (the  TCD  is  a  uni¬ 
versal  detector,  while  the  chenuresistor  is  a  selective  detector).  Further  discussion  of  these 
two  detectors  and  their  spedfic  implementation  in  the  MMGC  will  take  place  in  Chapter  4. 

2.6  Summary. 

This  section  discussed  and  summarized  the  basic  operation  of  a  gas  chromatography 
system  from  the  perspective  of  introducing  the  mobile  phase,  a  consideration  of  the  injec¬ 
tion  of  the  test  sample,  the  separation  phenomena  performed  by  the  ccdumn,  and  finally, 
the  detection  of  the  column  effluent  (reviewing  the  current  technology  concerning  NO2  and 
NH3  detection).  With  the  operation  of  a  standard,  "macro”  GC  established,  the  problems 
associated  with  designing  a  “micro”  GC  will  be  discussed  in  the  Chapter  4,  after  a  review 
of  some  of  the  tools  and  techniques  available  to  the  micromachinist  in  the  next  chapter. 
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Table  3.  Micromachined  Gas  Chromatograph  (MMGC)  Detector  Candidate  Summary. 

Estimated  Sensitivities  are  Given  as  Concentrations  Within  a  10  /d  Sample 
Loop  (13). 


Detector 

Selectivity 

NOa  Sensi¬ 
tivity  (ppm) 

NHa  Sensi¬ 
tivity  (ppm) 

MMGC  Compatibility 

Helium 

Universal 

0.001 

0.003 

No 

Argon 

Universal 

0.05 

0.15 

No 

NPD 

FtTp 

0.2 

0.6 

No 

SAWD  (100  MHz) 

NOj/NHs 

1 

2.8 

Yes 

Chemiresistor 

NOa/NHa 

25 

250 

Yes 

TCD 

Universal  . 

30 

90 

Yes 

(!iCMD  (10  MHz) 

Universal 

50 

140 

Yes 

CSD 

Universal 

50 

140 

No 

Indophenol 

NHs 

— 

1.5  X  10* 

No 

Membrane-Electrode 

NHa 

— 

1200 

r' 

Denuder  'Dibe 

NHa  or  NOi 

1.5  X  10» 

1.5  X  10* 

Saltxman  Method 

NOj 

2000 

— 

No 

Chemiluminescence 

NOj 

2500 

— 

No 

Luminol 

NOa 

0.3 

— 

No 

PID 

Organics 

— 

—  ■ 

r 

FID 

Organics 

— 

— 

t- 

ECD 

Halogens 

— 

— 

No 

HECD 

Halogens 

— 

— 

No 
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Figure  19.  Current- Voltage  Characteristic*  at  a  Typical  Thermistor. 


I  . ? 

Currant  (lilllamptrM) 


Figure  20.  Thennittor  Seadtlvity  Relative  to  Current  Fluctuation*. 
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2»® 


Figure  21.  Stand&rd  Thermal  Conductivity  Detector  (TCD)  and  Schematic  of  the  Wheat- 
•tone  Bridge  Configuration  (15:28). 
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Flsure  23.  Photdonization  Detector  (PID)  (38:134). 
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Figure  24.  Dectron  Capture  Detector  (ECD),  Croeo-Section  Detector  (CSD),  Argon  De¬ 
tector,  and  Helium  Detector  (15:43). 


CoiidMcttvltyC«ll 


Figure  26.  Hall  Electrdytic  Conductivity  Detector  (HECD)  (38:133). 
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in.  Micromachining  and  Related  Fabrication  Techniques 

Fbr  the  xnicromachined  gas  chromatograph,  the  primary  tools  used  in  its  fabrication 
are  wet  chemical  etching  (both  isotropic  and  anisotropic),  thin  film  deposition  (as  a  means 
to  uniformly  coat  surfaces),  and  anodic  bonding  (as  a  means  for  joining  separate  compo¬ 
nents).  In  the  following  sections,  each  of  these  tools  are  discussed  relative  to  their  potential 
to  facilitate  the  fabrication  of  the  MMGC. 


S,1  Micromachining. 


Micromachining  is,  as  its  name  implies,  the  fabrication  of  very  small  three-dimensional 
physical  structures.  W.  H.  Ko  defines  it  more  precisely  as  “a  combination  of  precise  etching, 
insulator-to-silicon  or  silicon-to-silicon  bonding  techniques,  connection  between  layers,  and 
standard  inte^ated  circuit  methods  to  fabricate  precise  three-dimensional  silicon-based  mi¬ 
crostructures  |of  great  diversity...”  (56).  A  diversity  of  applications  has  been  realized  as 
demonstrated|  by  the  variety  of  papers  published  in  recent  years.  Some  of  the  applications 
for  micromachining  include:  pumps  (57-59),  valves  (59-61),  blood  gas  analyzers  (62),  gears 
(63-65),  tongs  (64),  turbines  (63,  64,  66),  flow  sensors  (67-71),  pressure  sensors  (61,  67, 
70-73),  actnajtors  (65,  74,  75),  springs  (65),  radiation  sensors  (76),  membrane  osciUators 
(66,  70),  pipe|  (77),  and  bridgee  (78,  79). 

Rdated  to  these  applications  is  the  investigation  of  how  micromechanical  systems 
operate.  Substantial  interest  has  been  shown  in  the  process  for  miniaturizing  mechanical 
systems,  and  how  these  systems  behave  compared  to  their  macroscopic  counterparts  (80- 
85).  Fbrtunately,  those  aspects  of  micro-fluid  dynamics  that  would  haye  an  impact  on 
the  MMGC  have  been  addressed  by  capillary  chromatographers  and  were  presented  in  the 
previous  chapter.  The  general  micromachining  techniques  used,  however,  are  important  in 
understanding  the  MMGC  design  constraints. 


Although  micromachining  in  its  most  general  sense  includes  a  variety  of  methods, 
for  the  purpose  of  this  research,  micromachining  refers  exclusively  to  modifications  per¬ 
formed  to  the  substrate’s  surface  by  etching.  There  are  three  major  families  of  etching  pro- 
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cesses  used  to  accomplish  micromachining.  These  include:  wet  chemical  etching^,  plasma 
processing^,  and  sacrificial  layer  processing  (88).  Of  these  three  techniques,  the  simplest 
to  implement  is  wet  chemical  etching.  So,  in  the  interest  of  developing  a  straightforward 
fabrication  approach,  the  simplest  technique  that  could  accomplish  the  objective  was  se¬ 
lected.  As  will  be  demonstrated,  wet  chemical  etching  was  the  fundamental  tod  used  to 
fabricate  tbe  MMGC. 

Wet  chemical  etching  is  one  of  the  most  common  forms  of  modifying  the  silicon 
surface  in  IC  manufacturing.  It  is  used  in  this  sense  to  polish  wafers  so  that  thdr  surface 
is  clean,  flat,  and  free  of  damage  (89:451).  Since  wet  chemical  etching  of  silicon  is  well 
understood,  and  it  has  had  a  demonstrated  reproducibility  in  the  AFIT  laboratories,  it 
was  chosen  as  the  etching  technique  for  this  research.  In  general,  wet  chemical  etching 
involves  three  major  steps,  and  they  are  summarized  by  Sze  in  Semiconductor  Devices: 
Physics  and  Technology  as: 


(1)  The  reactants  are  transported  (e.g.,  by  diffusion)  to  the  reacting  surface,  (2) 
chemical  reactions  occur  at  the  surface,  and  (3)  the  products  from  the  surface 
are  transported  away  (e.g.,  by  diffusion). . .  In  IC  processing,  most  wet  chemical 
etchings  proceed  by  dissolution  of  a  material  in  a  solvent  or  by  conversion  of  a 
material  into  a  soluble  compound  which  subsequently  dissolves  in  the  etching 
medium.  (89:451) 


Wet  chemical  etching,  as  a  process,  can  be  subdivided  into  two  types:  isotropic  and 
anisotropic.  In  an  isotropic  etch,  there  are  no  significant  etch  rate  differences  relative  to 
crystallographic  directions.  In  other  words,  an  isotropic  etch  proceeds  at  the  same  rate 


*Tlie  "siniple  diMoIntion  of  s  mstcrisl  in  •  aolveot  m  weU  m  the  conversioa  of  the  material  into  a  aolnble 
oomponnd  which  can  be  dissolved  by  the  etching  medinm*  (86:476). 

tadio-freqnency  source  is  used  to  ionise  some  fraction  of  the  gu  molecules,  creating  a  plasma.  The 
plasma  contains  positive  ions,  negative  ions,  electrons,  and  neutral  gas  atoms,  such  that  a  condition  of  near 
charge  neutrality  e»sta.  It  may  also  contain  free  radicals — atoms  or  molecules  that  are  extremely  reactive. 
Depending  on  the  surface  layer  to  be  etched  and  the  desired  outcome  of  the  etching  process,  the  exposed 
aibcon  surface  may  be  chemically  etched  by  the  free  radicals  (plasma  etching),  or  it  may  be  physically 
etched  by  poritive  ion  bombardment  (sputter  etching).  There  is  also  a  third  alternative;  vacuum  pressure, 
RF  energy,  and  wafer  placement  may  be  arranged  so  that  both  chemical  etching  and  ion  bomlwdment 
take  place.  This  third  alternative  is  called  reactive  ion  etching*  (87:260). 

* ‘Processes  in  which  the  mechanical  object  to  be  manufactured  is  not  'machined*  in  the  substrate, 
bat  in  the  thin  layers  that  have  been  deposited  on  it.. ..Nearly  all  these  processes  use  the  'sacrificial' 
layer  technique,  which  consists  of  liberating  mechanical  structures  that  have  been  deposited  or  doped  by 
under-etching  another  underlying  thin  layer*  (88:134). 
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throughout  the  material,  yielding  the  profile  shown  in  Figure  28(c).  This  is  the  same  type 
of  etched  profile  that  is  commonly  obtained  with  a  polycrystalline  or  amorphous  material 
(i.e.,  a  Pyrex  borosilicate  ^ass  plate).  An  anisotwpic  etchant,  however,  possesses  an  etch 
rate  that  is  orientation  dependent,  which  yields  profiles  which  are  ognificantly  diflferent, 
depending  upon  the  crystallographic  orientation  of  the  material  (see  Figure  28(a,  b)).  Both 
of  these  types  of  etchants  have  an  important  rede  in  the  fabrication  of  the  MMGC,  but  the 
isotropic  etchant  will  be  presented  first  since  it  forms  the  basis  of  the  column  cross  section. 


Figure  28.  Potential  Column  Cross  Sections,  (a)  (100)-0riented  Silicon  Anisotropi- 
cally  Eiched  with  Potassium  Hydroxide  (KOH),  (b)  (110)- Oriented  Silicon 
Anisotropically  Etched  with  KOH,  and  (c)  Silicon  Isotropically  Etched  with 
HF-HNO3  (12:1881). 

S.l.l  Isotropic  Etching.  Since  the  cross  section  of  the  MMGC  column’s  channel 
is  determined  by  the  etching  technique  used  to  process  the  silicon  wafer,  an  isotropic 
etchant  was  chosen  because  the  resulting  etch  profiles  are  umilar  between  ulicon  and 
^ass — a  rectangle  with  rour  lisd  comers  (see  Figure  28c).  Although  anisotropic  etchants 
are  available,  there  are  seveia  problems  associated  with  fabricating  the  channels  with  a 
perfect  rectangular  cross  section.  First,  the  wet  chemical  anisotropic  etching  techniques 
are  orientation  dependent  (and  would  only  work  with  single  crystal  alicon);  therefore,  it 
would  be  impossible  to  etch  a  spiral  shaped  GC  column.  Second,  if  a  GC  spiral  shaped 
adumn  with  a  rectangular  cross  section  were  etched,  the  90*  an^e  between  the  side-walls 
and  bottom  of  the  cavity  would  complicate  the  homogeneous  distribution  of  the  stationary 
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phase.  This  feature  could  result  in  a  degradation  of  the  resolution  of  the  column  (depending 
on  the  state — solid  or  liquid — of  the  stationary  phase)  (90).  Accordingly,  the  primary 
etching  technique  adopted  was  a  wet  chemical  isotropic  etchant,  yielding  a  column  cross 
section  similar  to  that  shown  in  Figure  28c. 

The  most  common  isotropic  silicon  etchant,  the  HNA  system^,  which  is  composed  of 
a  mixture  of  nitric  acid  (HNO3),  hydrofluoric  add  (HF)  and  acetic  add  (CH3COOH),  was 
characterized  as  early  as  1960  (91).  Although  water  can  be  used  as  the  diluent  in  place  of 
the  acetic  add,  acetic  add  is  used  to  extend  the  useful  life  of  the  etchant  (86:480).  The 
chemical  reactions  involved  with  etching  the  silicon  with  this  system  can  be  summarized  in 
two  major  steps:  oxidation  of  the  silicon  surface  followed  by  removal  of  the  silicon  dioxide 
(89). 

S.l.l.l  Etchant  Reactions.  In  the  oxidation  portion  of  the  reaction,  two  holes 
(denoted  by  h+)  are  required®  and  react  as  follows  (89): 

Sl  +  2h+-*Si*+.  (52) 

The  water  in  the  system  dissodates,  yielding  (89): 

HjO^OH-  +  H+.  (53) 

The  OH~  ion  from  Elquation  53  and  the  Si^'*'  ion  from  Equation  52  combine  to  form 
an  intermediate  product  (89); 

Si’+  +  20H--Si(0H)2.  (54) 

Hydrogen  gas  is  then  liberated  through  the  following  reaction  as  silicon  dioxide  (SiOj)  is 
formed  (89): 


Si(0H)j-Si02  +  Ha. 


(55) 


*HHA  n-preaert*  Hydrofluoric  acid,  Nitric  add,  and  Acetic  add. 

*The«e  kclea  ate  created  by  the  autocatalytic  reactions;  HNO»  +  HNO»-*2NOr  +  2h'*'  +  HjO  and 
2N0J-  +  :H+  -.2HN0,  (89). 
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In  the  second  phase  of  the  chemical  reaction,  the  hydrofluoric  add  (HF)  manifests  its 
utility.  Spedfically,  it  ^ssolves  the  silicon  dioxide  by  the  foUomng  chemical  reaction  (89): 

SiOa  +  6HF-»H2SiF6  +  H2O.  (56) 

Since  H2SiF6  is  soluble  in  water,  fresh  silicon  is  exposed,  and  the  etch  continues  (89). 
Although  the  chemical  reactions  are  straightforward,  the  etch  rate  is  highly  dependent  on 
temperature  and  the  ratios  of  the  constituents.  Fortunately,  the  etch  rates  of  this  system 
have  been  well  characterized  (91,  92,  93,  94). 

S.1.1.2  Etch  Rate.  Figure  29  depicts  an  isoetch  plot  for  the  HNA  system  at 
room  temperature  (25*C)  (89,  91).  As  will  be  discussed  in  the  next  chapter,  the  MMGC 
cdumns  were  etched  to  a  depth  on  the  order  of  10  /am;  thus,  a  low  etch  rate  was  desired 
to  maintain  prodse  control  and  reprodudbility.  Additionally,  to  insure  an  isotropic  etch,  a 
low  HF  solution  concentration  was  required*.  Therefore,  an  etchant  solution  composed  of 
HF:HN03:CH3C00H  (2:15:5)  was  used  for  the  MMGC  column’s  etch,  which,  theoretically, 
yields  an  etch  rate  of  approximately  5.75  fim/mn. 

Since  Si03  is  used  as  an  etch  mask,  it  is  also  Important  to  know  the  Si03  etch  .*ate. 
This  information  will  then  determine  the  silicon  dioxide  thickness  that  will  be  required  for 
a  spedflc  etch  process.  Experimentally,  an  SiOa  etch  rate  of  approximately  250  A/min 
was  determined  using  the  (2:15:5)  system  described  above  at  room  temperature.  This 
sdection  jdelds  a  differential  etch  rate  of  approximately  230:1  for  the  Si:Si03  system  with 

the  HF;HN03:CH3C00H  (2:15:5)  isotropic  wet  cllemical  etch  system. 

1 

The  second  type  of  wet  chemical  etch,  the  a^sotropic  etch,  was  crudal  for  the  full 
realization  of  the  MMGC.  As  will  be  discussed  in  the  next  chapter,  the  design  of  the 
detector  cavity  required  a  deep  etch  process  (on  Ihe  order  of  100  ^m).  Additionally, 
alignment  between  features  on  the  front  and  back  Wes  of  the  silicon  wafer  had  to  be 
maintained.  This  requirement  was  accomplished  by  ^tching  alignment  marks  through  the 

*Th«  low  HF  MliitioD  concentration  region  in  Figure  39  la  controlled  by  the  ability  of  HF  to  remove  the 
SiOj  at  it  it  formed;  etchant  tdationt  in  thit  region  are  iaotropic,  that  it,  not  KntitiTe  to  crystallographic 
orientation. ..*  (89:45.1). 
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Figure  29.  Isoetch  Curves  for  Silicon  (HFiHNOarCHaCOOH  System)  (89:453). 


silicon  wafer  (on  the  order  of  300  nm  thick).  An  anisotropic  etch  process  using  (100)- 
oriented^  silicon  wafers  was  used  for  this  purpose. 

S.l.i  Anisotropic  Etching,  Since  the  wet  chemical  anisotropic  etching  mechanism 
is  based  upon  a  differential  etch  rate  between  crystallographic  planes  within  a  sin^e  crystal 
silicon  wafer,  it  is  important  to  review  the  silicon  crystal  structure.  Figure  30  shows  a  unit 
cdl  of  the  diamond  crystal  structure  for  crystalline  silicon. 

With  the  aid  of  this  three-dimenaonal  crystal  structure,  a  number  of  important 
planes  can  be  identified.  Three  of  the  planes  which  are  critical  to  wet-chemical  microma¬ 
chining  are  shown  in  Figure  31  along  with  their  corresponding  Miller  indices*. 


^CkoMn  becanae  the  (100)-orieiited  plane  is  the  only  major  plane  in  which  the  denee  (111)  plane* 
intercept  the  surface  at  90  with  respect  to  each  other,  thus  promoting  the  iabrication  of  rectangular 
shaped  micromachined  structures  (see  Figure  31)  (95,  96). 

*The  MiUer  indices  ibr  a  given  crystal  plane  can  be  found  using  the  following  steps:  "(1)  Find  the 
intercepts  of  the  plane  [of  interest]  on  the  three  Cartesian  coordinate*  in  terms  of  the  lattice  constant.  (2) 
Tike  the  reciprocals  of  these  numbers  and  reduce  them  to  the  smallest  [set  of]  three  integers  having  the 
same  ratio.  (3)  Enclose  the  result  in  parentheses  (hkl)  as  the  Miller  indices  for  a  nngle  plane*  (89:6). 
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Figure  30.  Diamond  Crystal  Structure  of  Silicon  with  Lattice  Constant  ‘a*  where  Each 
Silicon  Atom  is  Surrounded  by  Four  Nearest  Neighbors  (Highlighted  by  the 
Internal  Darkened  Bars)  (89:5). 


W.  H.  Ko  reports  that  one  of  the  primary  mechanisms  responsible  for  the  different 
planar  etch  rates  observed  in  anisotropic  etching  processes  is  the  atomic  planar  density 
(56:144).  A  second  mechanism  likely  involves  the  number  of  available  surface  bonds;  those 
planes  which  have  a  higher  surface  bond  density  would  etch  more  quickly  (97:49).  Ta¬ 
ble  4  lists  the  atomic  and  chemical  bond  densities  for  the  three  important  nlicon  crystal 
planes.  These  densities  support  the  argument  that  the  different  etch  rates  for  the  three 
most  common  anisotropic  alicon  etching  systems  (potassium  hydroocide-ddonized  water^, 
ethylencdiamine-pyrocatechd-ddonized  water^°,  and  hydrazine-deionized  water**)  are  a 
strong  function  of  the  magnitudes  of  the  atomic  and  chemical  bond  densities. 

Of  these  three  etching  systems,  the  potassium  hydroodde-deionized  water  (KOH- 
DIW)  system  was  identified  for  several  reasons.  First,  it  has  been  used  successfully  in 

*At  85*C  and  a  1:1  etu^aat  omponent  ratio,  the  etdi  rate  of  the  (100)  plane  is  1.43  pm/min,  and  the 
differential  etch  rate  is  approximatdy  200:1  between  the  (100)  and  (111)  planet  (98). 

’"At  115  C  and  a  6.25:1:2  etchant  component  ratio,  the  etch  rate  of  the  (100)  idane  b  1.25  sm/min,  and 
the  differential  etch  rate  U  approximatelj  35:1  between  the  (100)  and  (111)  planet  (98). 

“At  118  C  and  a  1:1  etchant  component  ratio,  the  etch  rate  of  the  (100)  {Jane  u  3  pm/mia,  and  the 
differential  etch  rate  b  approximatdy  16:1  between  the  (100)  and  (111)  planet  (98). 
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Figure  31.  Miller  Indices  of  Important  Silicon  Crystal  Planes  with  Lattice  Constant  ‘a’ 
(89:7). 


Table  4,  Planar  Density  Properties  of  the  Major  Silicon  Crystal  Planes  (97:48). 


_ Property _ 

Atomic  Density  (10^^ /cm^) 
Available  Bond  Density  (10*'*/cm^ 


Miller  Orientation 

(100)  I  (110)  (111) 

6.78  9.59  15.66 

6.78  9.59  11.76 


the  AFIT  laboratories  for  several  years.  Secondly,  the  KOH-DIW  system  has  a  superior 
differential  etch  rate  compared  to  the  other  two  systems.  Also,  it  is  less  toxic  compared  to 
the  other  two  systems,  making  it  safer  to  utilize  and  dispose.  Finally,  its  performance  is 
well  characterized  for  various  temperatures  and  concentrations  (98,  99,  100). 


3.1.2.1  Etchant  Reaction,  Although  the  KOH-DIW  system  has  been  well 
characterized,  the  exact  mechanism  of  the  reaction  is  not  precisely  known  (99,  101). 
Kendall,  however,  suggests  the  following  reaction  (99): 

Si  +  3HaO  +  OH--»Si(OH)7  +  ^Ha  (57) 

where  Si(OH)4  is  orthosilidc  add  (which  is  water  soluble)  (101).  A  similar  process  is 
believed  to  be  responsible  for  the  dissolution  of  silicon  dioxide  (99:111): 

Si0a  +  2Ha0  +  20H--Si(0H)^^  (58, 
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The  approximate  etch  rates  for  a  variety  of  concentrations  and  temperatures  are 
shown  in  Table  5.  IVom  this  table,  it  is  apparent  that  the  20-30%  concentration  range 
maximizes  the  etch  rate  for  the  temperatures  evaluated.  However,  before  an  operating 
point  is  identified,  a  careful  examination  of  the  silicon  dioxide  etch  rates  must  be  accom¬ 
plished.  The  reason  the  SiOj  etch  rate  is  so  important  relative  to  the  anisotropic  silicon 
etch  process  is  because  the  silicon  etch  process  will  be  on  the  order  of  several  hundreds 
of  microns  deep,  whereas  the  isotropic  silicon  etch  process  previously  discussed  (see  Sec¬ 
tion  3.1.1)  needed  to  be  only  a  few  microns  deep.  Table  6  summarizes  the  rilicon  dioxide 
etch  rates  for  the  same  conditions  reported  in  Table  5.  The  corresponding  etch  ratios  are 
shown  in  Table  7. 

Table  5.  Approximate  Etch  Rate  of  the  (100)  Plane  in  the  KOH-DIW  System  (/im/min). 

Concentration  Reported  as  a  Percent  by  Weight  in  Water  (99:109). 


Concentration 
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0.02 

0.1 

0.4 

1 

55 

0.01 

0.04 

0.2 

0.4 

Table  6.  Approximate  Etch  Rate  of  Silicon  Dioxide  in  the  KOH-DIW  System  (A/min). 
Concentration  Reported  as  a  Percent  by  Weight  in  Water  (99:112). 
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Although  the  majority  the  etch  ratios  in  Table  7  are  greater  than  the  230:1  ratio 
associated  with  the  isotropic  etch  process,  the  total  rilicon  dioxide  thickness  required  to 
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I^ble  7.  Etch  Ratio  of  (lOO)-Oriented  Silicon  Relative  to  Silicon  Dioxide.  Concentration 
Reported  as  a  Percent  by  Weight  in  Water. 
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accomplish  a  deep  silicon  etch  could  still  exceed  the  maximum  reasonable  thickness  of 
thermally  grown  silicon  dioxide'^.  Since  the  silicon  wafers  used  in  this  research  were  on 
the  order  of  300  /im  thick,  the  worst-case  oxide  thickness  would  be  sufficient  to  accomplish 
a  300  /xm  silicon  etch  process.  The  time  required  to  etch  through  a  silicon  wafer  is  reported 
in  Table  8  for  various  conditions. 

T^ble  8.  Time  (Hours)  Required  to  Etch  300  pm  of  (100)-Ori€nted  Silicon.  Concentration 
Reported  as  a  Percent  by  Weight  in  Water. 
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Knowing  the  length  of  time  that  the  silicon  dioude  must  survive,  it  is  a  straightfor¬ 
ward  calculation  (using  the  values  in  T^ble  6)  to  determine  the  silicon  dioxide’s  required 
thickness.  These  results  s^e  tabulated  in  Table  9. 


*^Dne  to  laboratory  restrict^ns,  the  only  type  of  qaality  ^con  dioxide  which  can  be  need  as  an  etch 
mask  most  be  grown  in  an  oxidation  farnace.  '^he  practical  limit  on  thickness  for  this  technique  (using 
95  C  steam  and  a  furnace  temperature  of  1050  C)  is  approximatdy  4  pm,  which  requires  nearly  40  hours 
of  oxidation  time  (86:386). 
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Table  9.  Approximate  Oxide  Thickness  (/im)  Required  to  Mask  an  Etch  of  300  fim 
into  (lOO)-Oriented  Silicon.  Concentration  Reported  as  a  Percent  by  Weight 
in  Water. 
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To  accommodate  a  mar^n  of  safety  and  permit  processing  in  a  reasonable  amount  of 
time  (on  the  order  of  one  day  for  oxidation  and  etching),  a  compromise  operating  point  of 
20%  KOH  at  50*C  was  identified.  With  the  operating  point  known,  it  is  now  appropriate 
to  discuss  the  three  primary  structures  that  will  be  fabricated  with  this  etchant  system. 


All  three  structures  share  a  common  feature  since  they  result  from  the  (111)  plane 
intersecting  the  (100)  surface.  For  silicon,  the  angle,  between  two  planes,  (hikili)  and 
{h2k2h),  is  pven  by  the  following  equation  (97:31): 


^  =  arccos 


hi  ha  +  kika  -f  I1I2 

yjhi  +  ki+qy/iq  +  iq 


(59) 


Fh>m  Equation  59,  the  angle  between  the  (100)  plane  and  the  (111)  plane  has  been 
calculated  to  be  approximately  54.74*.  This  angle  forms  the  basis  for  the  design  of  the 
three  structures  used  in  the  MMGC:  the  V-groove*^,  the  feedthrough  feature*^,  and  the 
inverted  truncated  pyramid*^. 


S.I.2.2  V’Groove.  The  V-groove  shown  in  Figure  32  is  typical  of  a  V>groove 
etched  on  (lOO)-oriented  silicon  with  the  KOH-DIW  system.  This  structure  occurs  because 
at  the  point  where  the  (111)  planes  intersect,  the  etch  rate  decreases  to  approximately  5% 


**Tlie  V-groove  is  used  ss  »  channel  for  the  TCD  electrical  leads. 

'*The  feedthrongh  features  permit  the  introduction  of  gas  into  the  MMGC  column  and  facilitate  align¬ 
ment  between  features  on  the  front  and  back  sides  of  the  silicon  wafer. 

**The  inverted  truncated  pyramid  serves  as  the  thermistor  cavity  for  the  TCD. 
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of  the  value  assodated  with  the  (100)  plane  (102).  The  depth  of  the  groove,  dg,  can  be 
calculated  from  the  width  of  the  silicon  dioxide  mask,  W,  (or,  conversely,  the  silicon  dioxide 
mask’s  width  can  be  calculated  that  will  yield  a  spedlic  etch  depth)  using  the  following 
relationship  (97:49): 

=  (iy/2)tanv54.74*.  (60) 

As  an  example,  a  V-groove  100  /tm  deep  requires  a  silicon  dioxide  mask  that  is 
approximately  140  pm  wide. 


Figure  32.  Cross-Section  of  a  Typical  V-Groove  Etch. 


S.l.i.S  Feedthrough  Feature.  The  feedthrough  feature  is  similar  to  a  very  deep 
V-groove  since  the  walls  are  sloped  54.74*  relative  to  the  horizontal  upper  surface.  However, 
the  major  difference  is  that  the  feedthrough  feature’s  etch  depth  is  actually  greater  than 
the  wafer’s  thickness.  In  order  to  determine  the  width  of  the  hole  that  is  etched  through 
the  wafer,  it  is  necessary  to  examine  the  geometry  involved.  Figure  33  shows  the  geometry 
of  a  typical  feedthrough  feature’s  etch. 

Since  triangle  123  in  Figure  33  is  a  right  triangle  with  Z312=54.74*,  the  following 
relationship  holds: 
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Since  dj  is  defined  by  Equation  60,  substituting  and  solving  for  Wma$k  yields: 


+  (62) 

As  an  example,  if  a  100  ftm  wide  hole  was  required  in  a  300  /xm  thick  wafer,  the 
silicon  dioxide  mask  aperture  (li^ma**)  would  need  to  be  approximately  524  ftm  wide. 

S.1,2.4  Inverted  Truncated  Pyramid.  The  third  aoisotropically  etched  struc¬ 
ture  required  for  the  MMGC  design  is  a  V-groove  which  is  terminated  before  the  (111) 
planes  intersect,  leaving  a  flat  bottom.  This  situation  is  depicted  in  Figure  34.  Since  the 
depth  of  this  isothermal  etch  is  controlled  by  etching  time,  the  self-stopping  properties  of 
the  (111)  plane  intersection  cannot  be  used.  Therefore,  it  is  important  to  monitor  the  etch 
time  as  reported  in  Table  5. 

Given  a  desired  etch  depth,  dg,  it  is  possible  to  calculate  the  required  mask  width, 
H'lnaffci  for  a  certain  bottom  width,  Whotum,  using  Equation  62  and  substituting  de  for  T 
(compare  Figures  33  and  34).  As  an  example,  a  200  ftm  deep  etch  (<4)  with  a  bottom 
width  of  300  ftm  (Wiottom)  requires  a  mask  width  (W„ia$k)  of  approximately  583  ftm. 
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These  three  anisotropic  etch  structures,  in  conjunction  with  the  isotropic  column 
etch  process  form  the  basis  of  the  micromachining  aspect  of  the  MMGC  fabrication.  In 
order  to  construct  a  functional  MMGC,  though,  it  is  necessary  to  coat  the  inside  walls 
of  the  column  with  a  stationary  phase.  This  process  can  be  accomplished  by  employing 
conventional  IC  thin  him  deposition  techmques. 

S.S  Thin  Films. 

As  mentioned  in  Section  1.1  and  later  alluded  to  in  Section  2.5.5,  copper  phthalo- 
cyanine  (CuPc)  is  the  stationary  phase  choice  for  the  MMGC^^.  A  uniform  coating  of 
the  phase  within  the  column  can  be  achieved  using  a  deposition  method  “borrowed'*  from 
conventional  IC  fabrication  technology. 

Of  the  major  IC  thin  him  deposition  methods  (chemical  vapor  deposition,  mdecular 
beam  epitaxy,  sputtering,  and  vacuum  evaporation^^-both  thermal  and  electron-beam), 
vacuum  thermal  evaporation  (sublimation)  was  chosen  to  deposit  the  stationary  phase  for 

**The  reMoiiing  behind  this  choice  will  be  discussed  in  detail  in  Section  4.1.1. 

’^Since  CnPc  sublimes  (converts  from  the  solid  state  to  the  gas  state  without  passing  through  the  liquid 
state),  the  standard  evaporation  techniques  discussed  here  refer  to  sublimation  vrith  rapect  to  CuPc. 


63 


the  MMGC  (89, 103).  This  choice  was  based  on  three  considerations.  First,  vacnum  ther¬ 
mal  evaporation  is  one  of  the  simplest  (and  oldest)  deposition  methods  (103).  Second, 
the  AFIT  microelectronics  laboratory  possesses  a  vacuum  thermal  evaporation  system^^. 
Third  (and  most  important),  vacuum  evaporation  has  proven  itself  to  be  a  reliable  tech¬ 
nique  for  depositing  thin  CuPc  films  (7,  43,  45). 

A  typical  vacuum  thermal  evaporation  system  is  shown  in  Figure  35.  The  operation 
of  this  system  is  concisely  described  by  W.  H.  Ko  in  “Semiconductor  Integrated  Circuit 
Technology  and  Micromachining”  (56:132): 


The  substrate  (e.g.,  silicon)  and  source  material  (e.g.,  Al,  An,  Cr,  etc.)  to 
be  evaporated  are  mounted  in  the  bell  jar.  The  system  is  pumped  down  to  the 
^propriate  pressure  and  the  source  material  is  heated  until  it  vaporizes. 


'*Modd  DV-602,  Dentoa  Vacaam,  lac.,  Cherry  Hill,  NJ. 
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When  the  source  material’s  vapor  pressure  exceeds  that  in  the  bell  jar,  the 
material  vaporizes  rapidly.  Under  a  high  vacuum,  the  mean  free  path  of  the 
vaporized  atoms  or  molecules  is  greater  than  the  distance  between  the  source 
and  the  substrate.  The  vaporized  atoms,  radiated  in  all  directions,  condense  on 
all  lower  temperature  surfaces  with  which  they  collide,  including  the  substrate 
and  the  beU  jar,  forming  a  uniform  thin  film. 

Using  this  technique,  it  is  possible  to  realize  a  uniform  coating  of  CuPc  within  the 
MMGC’s  colunm.  However,  since  the  MMGC’s  cctumn  is  composed  of  two  parts  (the 
silicon  wafer  and  the  borosilicate  glass  cover  plate),  a  functional  column  will  only  result  if 
the  two  halves  can  be  brought  into  intimate  contact.  This  requirement  can  be  accomplished 
through  anodic  bonding. 

S.S  Anodic  Bonding. 

S.S.  1  MMGC  Column  Requirements.  As  discussed  earlier,  since  the  MMGC  column 
halves  will  be  etched  with  an  isotropic  etchant,  a  pair  of  open  troughs  in  each  substrate 
will  be  realized.  In  order  to  function  as  a  column,  these  troughs  must  be  brought  into 
contact,  aligned,  and  sealed  Since  the  MMGC  column  will  only  be  on  the  order  of  a 
few  microns  deep  (approximately  10  fim — see  Section  4.1.1.2),  it  is  imperative  that  this 
seal  be  accomplished  without  introducing  any  fordgn  material  into  the  column  (i.e.,  an 
epoxy  or  other  adhesive).  A  technique  which  has  been  used  extensively  in  conjunction  with 
micromachining  to  join  and  seal  silicon  structures  at  rdatively  low  temperatures  (180*  to 
500*C)  is  anodic  bonding  (104).  Using  a  modified  version  of  this  technique  (a  slightly  lower 
temperature*^),  channels  which  are  etched  in  silicon  can  be  rendered  air  tight. 

S.S.2  Theory.  The  anodic  (or  electrostatic)  bonding  process  is  depicted  in  Fig¬ 
ure  36.  It  was  initially  described  by  G.  Wallis  and  D.  Pomerantz  in  (104,  105),  and  later 
expanded  upon  in  a  number  of  other  articles  (106, 107, 108, 109).  W.  H.  Ko  in  Microma¬ 
chining  and  Micropackaging  of  Transducers  describes  the  process  as  fdlows  (107:45-47): 


’*Tliemial  constrainU  impoMd  by  the  ■tationary  phase  prevented  using  temperatures  greater  than  150*C 
(see  Section  4.1.1). 
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The  electrostatic  bonding  process  can  be  accomplished  on  a  hot  plate  in 
atmosphere  or  vacuum  at  temperatures  between  180*  and  500*C  (well  below 
the  softening  point  of  the  Pyrex^  glass).  Electrostatic  attraction  between 
the  glass  and  silicon  pieces  serves  to  pull  the  two  into  intimate  contact,  thus 
eliminating  the  need  for  applying  mechanical  pressure  to  the  wafers. 

. . .  The  electrostatic  attraction  between  the  glass  and  silicon  wafer  is  devel¬ 
oped  as  fdlows.  At  devated  temperatures. ..  the  positive  sodium  ions  in  the 
^ass  become  quite  mobile  and  they  are  attracted  to  the  negative  electrode  on 
the  ^ass  surface  where  they  are  neutralized.  The  more  permanently  bound 
negative  ions  in  the  ^ass  are  left,  forming  a  space  charge  layer  in  the  {^ass 
adjacent  to  the  silicon  surface. ..  After  the  Na'*'  ions  have  drifted  toward  the 
cathode,  most  of  the  potential  drop  in  the  glass  occurs  at  the  surface  next  to  the 
silicon.  The  two  wafers  then  act  as  a  paralld  plate  capacitor  with  most  of  the 
potential  bring  dropped  across  the  several  micron  wide  air  gap  between  them. 

The  resulting  E^-iield  between  the  surfaces  serves  to  pull  them  into  contact  with 
a  force  of  approximately  350  psi  for  E  =  3  x  10“*  V/cm. 

Once  the  wafers  are  in  contact,  almost  all  of  the  applied  potential  is  dropped 
across  the  space  charge  layer  in  the  glass.  The  extremely  high  fields  which 
develop  in  that  re^on  transport  oxygen  out  of  the  glass  to  bond  with  the 
silicon  surface.  The  seal  appears  to  be  chemical  in  nature,  possibly  a  very  thin 
layer  of  grown  SiOj. 

Due  to  the  thermal  constraints  imposed  by  the  stationary  phase,  a  number  of  initial 
evaluations  were  performed  at  a  lower  temperature  of  150*C  using  1.6  mm  thick,  4  inch 
by  4  inch  plates  of  Tempax  Boro-Glass’^  (borosilicate  glass)  and  (lOO)-oriented,  3  inch 
diameter  silicon  wafers”.  These  evaluations  demonstrated  that  reUable  bonds  could  be 
obtained  at  the  lower  temperature;  however,  the  bond  required  approximately  20  hours  at 
1800  V  (as  opposed  to  approximately  15  minutes  at  1000  V  for  450*C)  (107:48).  This  value 
was  considered  a  reasonable  amount  of  time  considering  the  effort  required  to  accomplish 
the  other  MMGC  fabrication  steps. 

S.4  Summary. 

This  chapter  discussed  the  theory  concerning  the  basic  tools  and  techniques  used  to 
manufacture  the  MMGC  in  the  same  sequence  as  it  was  actually  fabricated.  Wet  chemical 


^Pyrex  and  its  related  borosilicate  glass  products  are  soda-lime  glass  with  boron  added  to  improve  the 
optical  and  mechanical  properties  of  the  glass  (110). 

•  ’’Similar  to  Pyrex  7740,  but  manufactured  by  Schott  America,  Yonkers,  NY. 

**N-type,  0.005-0.020  O-cm,  Csochralsld  wafers  manufactured  by  Polycore  Electronics,  Newberry  Park, 
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Figure  36.  Anodic  Bonding  Mechanism. 


etching  is  first  used  to  micromachine  the  dlicon  and  ^ass  surfaces  to  create  the  column 
and  detector  cavities.  Then,  a  thin  film  deposition  process  is  used  to  realize  the  stationary 
phase.  Finally,  anodic  bonding  is  used  to  assemble  the  two  halves  of  the  MMGC.  The  next 
chapter  will  discuss  in  greater  detail  the  specifics  of  the  MMGC  design. 
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IV.  Micromachined  Gas  Chromatograph  and  Performance  Evaluation  System 

Design 

This  chapter  describes  the  rationale  for  the  design  of  the  MMGC  and  the  associated 
performance  evaluation  system.  The  MMGC  design  will  be  discussed  first  since  it  directly 
influences  the  requirements  for  the  performance  evaluation  system.  Furthermore,  since 
part  of  MMGC  design  rationale  involved  improvements  to  an  existing  MMGC  design^, 
specific  details  of  Terry’s  earlier  design  are  summarized  in  each  of  the  pertinent  sections. 

4.1  Micromachined  Gas  Chromatograph  Design. 

The  MMGC  designed  for  this  research  is  based  on  Terry’s  initial  configuration  (11). 
Like  its  larger  counterpart,  the  MMGC  has  four  major  components:  the  mobile  phase,  the 
sample  injection  system,  the  column,  and  the  detector  (see  Figure  37).  At  the  heart  of  the 
system,  of  course,  is  the  column;  and  central  to  its  operation  is  the  stationary  phase.  Since 
this  area  is  the  one  which  gave  Terr>  the  most  difficulty,  it  will  be  discussed  first.  Once 
the  choice  of  stationary  phase  (CuPc)  is  justified,  it  will  then  be  appropriate  to  discuss  the 
selection  of  the  various  parameters  associated  with  the  micromachined  column  geometry. 

4.1.  J  Stationary  Phase.  Although  NH3  can  be  routinely  separated  and  detected  in 
a  standard  GC,  NO3  is  a  difficult  compound  to  analyze  with  standard  stationary  phases  due 
to  its  highly  reactive  nature^  (18:427).  In  fact,  the  standard  GC  technique  used  to  analyze 
NO3  is  to  induce  it  to  react  completely  with  water  vapor  and  examine  the  by-products 
(30).  This  reaction  is  given  by  (18:427): 

6NO3  +  3H3O  -  4HNO3  +  2NO  H3O.  (63) 

’This  prior  minUtniiscd  gu  diromatograpli  wai  capable  of  separating  33,000  ppm  iaobntane, 
143,000  ppm  acetone  and  37,000  ppm  ethanol,  and  it  was  derigned  and  fabricated  at  Stanford  Univer¬ 
sity  by  S.C.  Terry  (11). 

*The  only  GC  stationary  phase  which  u  used  to  separate  NOa  from  NHs  is  in  the  form  of  a  poiymer 
bead  (Poropack  Q,  packed  into  a  column)  and  suffers  from  all  of  the  attendant  disadvantages  of  a  packed 
column  (111). 
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The  nitric  oxide  product  can  readily  be  separated  from  the  other  copnponents  in  a  mdecular 

I 

sieve  and,  when  detected,  it  will  have  a  concentration  level  that  is  one-third  less  than  the 
initial  nitrogen  dioxide  concentration  (18). 


A  compound  which  has  the  potential  to  simplify  the  separation  of  nitrogen  dioxide 
and  has  shown  promise  as  a  stationary  phase  for  other  gases  (in  particular,  ammoniu)  is 
copper  phthalocyanine  (CuPc)  (45, 112).  E.  M.  Vary  has  shown  that  CuPc  was  effective  as 
a  stationary  phase  for  separating  a  variety  (ri'  compounds  when  used  as  a  powder  suspended 
in  silicone  dl  in  a  packed  chromatographic  column  (112).  Although  she  did  net  specifically 
evaluate  her  column  with  NO]  or  NH3,  her  work  did  show  that  CuPc  had  the  potential  to 
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act  as  a  phase  for  separating  a  variety  of  compounds^  (112).  Additionally,  other  studies 
have  shown  that  thin  films  of  CuPc  reversibly  adsorb  NO3  and  NK3  (7,  45, 113). 

4.1. Li  CuPc  as  a  Solid  Stationary  Phase.  Since  the  adsorption  of  NO2  and 
NH3  on  CuPc  can  be  reversible,  a  thin  film  of  CuPc  has  the  potential  to  serve  as  a 
t^oUd  stationary  phase  within  a  micromachined  chromatographic  column.  Two  particular 
advantages  of  udng  a  solid  adsorbent  as  a  phase  include  (18:140): 


1.  Speed  of  Equilibration.  Physical  adsorption  is  generally  quicker  than  the 
process  of  solution.  Thus,  there  is  more  rapid  equilibration  between  gas 
and  solid  phase  than  between  gas  and  liquid  phase.  ...this  can  lead  to 
greater  column  performance,  and  greater  separative  ability.  This  advan¬ 
tage  is  most  relevant  in  those  columns  which  are  specifically  designed  for 
high  performance,  c.g.,  open  tube  “capillary”  columns,  and  such  columns 
embodying  adsorbents  can  be  both  fast  and  efficient. 

2.  Involatility.  Unlike  many  solvents,  adsorbents  do  not  have  a  vapor  pres¬ 
sure  at  high  temperatures  and  thus  do  not  “bleed.” 

A  third  advantage  is  the  ability  to  predict  the  partition  ratio  based  upon  the  heat 
of  adsorption  for  a  gas  on  a  gi\’en  solid.  The  relationship  between  the  logarithm  of  the 
partition  ratio  and  the  heat  of  adsorption  is  linear  with  respect  to  reciprocal  temperature, 
and  it  can  be  described  by  the  following  equation  (114): 


k  =  ko  exp{-Ea/k(,T)  (64) 

where  k  is  the  partition  ratio,  kg  is  a  constant,  Ea  is  the  adsorption  heat  of  the  particular 
gas  on  the  solid,  ki,  is  Boltzmann’s  constant,  and  T  is  the  absolute  temperature  (114).  Thus, 
pven  the  heat  of  adsorption  of  a  particular  gas  on  a  sdid,  and  one  trial  (to  determine  the 
constant,  kg),  it  would  be  theoretically  possible  to  determine  the  partition  coefficient  for 
that  gas  on  the  solid  for  any  temperature. 

These  advantages  are  often  compromised  by  the  major  disadvantage  of  using  a  solid 
adsorbent — its  extreme  selectivity.  The  majority  of  analytical  columns  (although  some¬ 
what  sdective)  are  not  as  selective  as  a  column  fabricated  with  an  adsorbent  stationary 

*TkoM  oumponndt  which  interacted  the  moet  strongly  with  CnPc  in  Vary's  study  included;  water, 
ethanol,  methanol,  hydruine,  phenylhydrasine,  pyridine,  l^niylamine  (112). 
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phase.  Thus,  solid  adsorbent  phases  are  generally  not  as  popular  as  their  liquid  coun¬ 
terparts.  For  the  purposes  of  this  research,  however,  the  inherent  selectivity  of  a  solid 
adsorbent  is  considered  an  advantage,  particularly  since  the  selectivity  is  directed  towards 
the  gases  of  interest — nitrogen  dioxide  and  ammonia.  Using  CuPc  as  a  phase  is  not  with¬ 
out  its  problems,  though.  One  of  the  primary  ways  of  obtaining  pure  CuPc  is  through  its 
sublimation  onto  a  substrate  as  a  thin  film.  This  method  of  coating  traditional  capillary 
GC  columns  would  be  extremely  difRcult  (if  not  impossible).  Also,  since  the  microma- 
chined  columns  have  a  very  small  cross-section,  it  would  be  difhcult  to  introduce  a  uniform 
stationary  phase  using  traditional  techniques  (liquid  phases)  after  the  column  is  fabricated. 

In  fact,  Terry  describes  the  post-fabrication  stationary  phase  deposition  process  for 
his  GC  as  follows  (11:31): 

[The  stationary  phase]  liquid  tends  to  collect  in  fillets  running  along  the  junc¬ 
tions  between  the  cover  plate  and  the  substrate  wafer,  and  in  droplets  on  the 
groove  bottom.  Liquid  for  these  pods  is  drawn  from  the  flat  surfaces  of  the 
capillary  [column],  leaving  the  cover  plate  and  groove  bottom  essentially  devdd 
of  lining  liquid. . .  Such  a  lining  distribution  has  disastrous  effects  on  the  per¬ 
formance  of  the  column,  increasing  its  plate  height  and  peah  distortion  while 
decreasing  its  separating  power. 

These  problems  motivated  Terry  to  use  commerdally  available  external  columns  when  he 
patented  his  design  as  a  “nuniature  gas  chromatograph  apparatus”  (115). 

A  potential  advantage  of  micromachined  columns  that  Terry  failed  to  exploit  in  his 
stationary  phase  deposition  process  is  the  accessibility  of  the  inner  surfaces  of  the  column 
prior  to  anodic  bonding.  Therefore,  to  promote  a  homogeneous  deposition  of  the  stationary 
phase  and  eliminate  the  formation  of  thicker  re^ons  of  the  phase  at  the  borosilicate  ^ass- 
silicon  junction^,  the  proposed  deposition  process  occurs  prior  to  the  anodic  bonding  of 
the  borosilicate  j^ass  plate— both  on  the  etched  silicon  wafer  and  the  etched  ^ass  plate. 
Thus,  the  CuPc  is  distributed  uniformly  throughout  the  column  using  thin  film  deposition 

*T1ut  wiU  occni  if  the  •tetionary  phase  is  dissolved  in  a  v<Jatile  medium  which  is  then  injected  into  the 
column  and  allowed  to  evaporate  (a  standard  method  of  depositing  stationary  phase  in  a  capillary  column) 
(90). 
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tecliniques  which  have  been  reported  to  produce  films  which  are  sensitive  to  both  nitrogen 
dioxide  and  ammonia  (7,  45, 116, 117). 

This  deposition  technique  introduces  another  potential  problem,  though.  The  anodic 
bonding  process  requires  a  clean  silicon  surface  at  the  silicon-borosilicate  ^ass  interface. 
Therefore,  the  CuPc  that  is  not  on  the  column  walls  must  be  removed  so  as  to  leave  only 
the  CuPc  deposited  in  the  channel  of  the  column.  An  aluminum  oxide  polishing  iilm^  has 
been  experimentally  used  and  verified  to  accomplish  this  task. 

4.1. 1.2  Selection  of  Column  Parameters. 

Column  Path.  Before  considering  the  exact  dimensions  of  the  column’s 
cross-section,  it  is  necessary  to  discuss  the  spiral  shape  used  to  establish  the  column’s  path. 
The  general  shape  of  two  interlocking  spirals  was  used  by  Terry,  and  this  configuration  in¬ 
corporated  the  major  advantage  of  locating  the  gas  inlet  and  outlet  far  away  from  the 
complex  spiral  structure  (11).  There  was  no  reason  to  deviate  from  the  proven  concept  of 
this  design  (see  Figure  52  in  Section  5.1  for  the  design  used  in  this  investigation);  how¬ 
ever,  choices  for  the  column’s  width  and  inter-cdumn  spacing  were  determined  to  improve 
fabrication  yields^.  Initial  experiments  with  the  low  temperature  anodic  bonding  process 
on  flat,  3-inch  diameter  rilicon  wafers  demonstrated  that  a  central  re^on  approximately 
2  inches  in  diameter  bonded  extremely  well.  The  outer  edge  of  the  wafer  initially  appeared 
to  bond  to  the  glass  plate,  but  it  frequently  "de-bonded”  within  the  first  hour  after  the 
assembly  was  cooled  to  room  temperature.  This  behavior  was  attributed  to  the  presence 
of  the  slightly  beveled  edge  on  the  silicon  wafer  which  tended  to  weaken  the  bond  (due  to 
the  lower-than-recommended  temperature  constraints  imposed  by  the  stationary  phase'^), 
making  it  more  susceptible  to  damage  by  the  residual  strtin  imposed  on  the  structure  after 
coding. 

*PS1  Lapping  Film,  Part  Nnmher  16.3-6,  PSI  Testing  Systems,  Inc.,  Houston  TX. 

*Terty’s  column  was  approximately  130  microns  wide,  but  no  information  on  inter-colnir  spacing  was 
provided  (11). 

^The  recommended  temperature  for  boning  is  in  the  180*C  to  500*C  range  (107).  CuPc  begms  subliming 
at  temperatures  as  low  as  ^proximatdy  ISO'C  under  vacuum  (43).  Therefore,  the  150*C  temperature  was 
identified  to  be  the  mammnm  anodic  bonding  temperatnre. 
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Therefore,  the  MMGC  column  was  restricted  to  reside  within  the  central  1.5-inch  di¬ 
ameter  regon  of  the  silicon  wafer  (to  provide  a  conservative  mzir^n  of  error).  Additionally, 
the  remainder  of  the  silicon  wafer  was  etched  with  strain  relief  features  (see  Figure  52  in 
Section  5.1)  to  minimize  the  "de-bondlng”  effect.  A  300  noicron  column  width  was  identi¬ 
fied  as  a  compromise  between  column  length  (the  wider  the  column,  the  shorter  the  colunm 
length  that  can  fit  in  a  1.5-inch  diameter  circle),  and  achieving  conditions  suitable  for  the 
TSR  approodmation  (column  width  to  hdght  aspect  ratios  greater  than  4:1^).  As  will  be 
shown  in  the  next  section,  the  aspect  ratio  for  the  fabricated  column  was  approximately 
30:1,  which  permits  the  TSR  approximation  to  be  invoked. 

Hnally,  for  a  column  width  of  300  microns,  an  inter-column  spacing  needed  to  be 
specified  that  balanced  the  two  competing  criteria:  fabrication  yield^  and  column  length^**. 
Since  the  dust  voids  for  the  initial  bonding  experiments  were  typically  on  the  order  of 
0.5  mm,  an  inter-column  spacing  of  1  mm  was  chosen  as  a  compromise  dimension  to 
realize  acceptable  fabrication  yield  and  column  length.  The  column’s  length,  based  on 
these  parameters^* ,  was  determined  to  be  approximately  0.9  m. 

When  the  general  shape  of  the  column’s  cross-section  was  established  and  correlated 
with  the  constraints  imposed  by  the  column’s  path,  the  analytical  equations  developed 
in  Section  2.4  were  used  to  calculate  the  remaining  colunm  geometrical  and  operational 
parameters. 


Column  Cross-Section.  Since  the  stationary  phase  identified  for  use  in 
this  research  is  CuPc,  which  is  a  stable  sdid  at  the  temperatures  of  interest  (between  25*C 
and  150*C),  the  equations  presented  in  Chapter  2  (Section  2.4)  are  valid  (43).  That  is, 
the  resistance  to  mass  transfer  in  the  stationary  phase  can  be  neglected.  By  applying  the 
Vo  coefficients  in  Equation  42  to  the  pressure  corrected  form  of  the  van  Deemter  equation 


*See  Section  2.4.1. 

*If  the  ibtei-colnmn  spacing  was  too  small,  dnst  particles,  which  invariably  contaminate  the  bonding  sur¬ 
faces,  wonld  create  voids  between  adjacent  columns,  thns  ‘shorting”  them  and  comprom'sing  the  separating 
power  of  the  MMGC  colnmn. 

**’The  longer  the  colnmn,  the  more  effective  its  separating  power. 

total  colnmn  area  occupying  a  circle  with  a  diameter  of  approximately  1.5  inches,  an  inter-colnmn 
spacing  of  1  mm,  and  a  column  width  of  300  microns. 
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(Equation  21)  and  calculating  the  separation  factor  (udng  "order  of  magnitude”  values  for 
the  remaining  unknowns^^),  plots  of  the  separation  factor  (SF)  versus  Zg  can  be  generated. 

In  order  to  determine  a  column  height  that  maximized  the  separation  factor  for  a 
practical  operating  pressure  (20-60  psi),  the  SF  versus  Zg  was  plotted  for  various  input 
pressures.  A  maumum  pressure  of  60  psi  was  identified  as  an  upper  limit  for  the  MMGC 
interconnections  (since  Terry’s  connections  could  only  withstand  60  psi)  (11:18).  The  result 
of  this  analysis  (using  the  equations  for  a  TSR  column)  is  shown  in  Figure  38. 


Figure  38.  Separation  Factor  (SF)  versus  Zg  for  Various  Input  Pressures  (20  psi,  30  psi, 
40  psi,  and  60  psi)  for  a  Column  with  a  Solid  Stationary  Phase.  The  Col¬ 
umn  Length  is  0.9  m.  Partition  Coefficient  is  100,  Gas  ^scosity  is  200  /rpoise. 
Stationary  Phase  Thickness  is  0.2  fim,  Cdumn  Width  is  300  ^m,  and  the  Dif¬ 
fusion  Coefficient  of  the  Carrier  Gas  was  Calculated  Based  upon  the  Average 
Pressure  and  a  Temperature  of  50*C. 


*^The  Titconty  of  the  carrier  gaa  wm  taken  to  be  that  of  heUum— the  best  carrier  gas  to  use  with  a 
TCD — at  room  temperature  (ts  200  ppoise).  The  diffnsivity  of  the  carrier  gas  was  calculated  based  upon 
au  average  pressure  and  a  temperature  of  50*C,  the  thickness  of  the  stationary  phase  was  taken  to  be  2000A 
(see  Section  4.1.3.1),  and  the  column  length  was  identified  (as  was  described  in  the  previous  section)  to  be 
0.9  m  (118).  ' 
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The  30-40  psi  input  pressure  range  was  identified  as  a  compromise  to  maximizing 
the  SF  while  minimizing  the  risk  of  inducing  interconnect  failure  (due  to  excessive  pres¬ 
sure).  This  decision  yields  a  corresponding  value  for  Zo  of  approximately  5  /xm.  The  only 
variable  which  did  not  have  an  “order  of  magnitude”  estimate  in  the  calculation  for  the 
plot  in  Figure  38  was  the  partition  coefficient  (since  there  are  no  published  values  for  CuPc 
deposited  as  a  thin  film).  In  order  to  establish  the  independence  of  Zo  with  respect  to  c, 
four  orders  of  magnitude  of  c  were  evaluated  to  prepare  Figure  39.  FYom  Figure  39,  it  is 
apparent  that  the  5  fxm  value  of  Zg  will  be  a  favorable  choice  for  any  (reasonable'^)  value 


Figure  39.  Separation  Factor  (SF)  versus  Zg  for  Various  Partition  Coefficients  (1, 10, 100, 
and  1000)  for  a  Column  with  a  Solid  Stationary  Phase.  The  Column  Length 
is  0.9  m.  Input  Pressure  is  40  psi,  Gas  Viscosity  is  200  /xpoise.  Stationary 
Phase  Thickness  is  0.2  /im,  Column  Width  is  300  fim,  Diffusion  Coefficient 
of  the  Carrier  Gas  was  Calculated  Based  upon  the  Average  Pressure  and  a 
Temperature  of  50*C. 


'^Typical  partition  coeflidenta  span  the  range  of  100  to  1000  (18). 


with  the  column  parameters  identified  in  the  above  discussion  (z^  =  5  ftm,  Pi  = 
40  psi,  y  =  300/im  and  L  =  0.9  m),  the  column  geometry  is  fixed,  so  the  sample  injection 
design  issues  can  now  be  discussed. 

Micromachined  Sample  Injection  System 

Gaseous  Sample  Injection.  The  MMGC  will  be  used  to  sample  only 
gaseous  atmospheres,  so  no  capability  for  vaporidng  liquid  samples  was  included  in  the 
design.  Terry’s  method  of  injecting  gaseous  samples  invdved  a  diaphragm  valve  (see 
Figure  40).  This  valve  derign  manifested  problems  with  dead  space  and  reproducible 
actuation  cycles.  In  order  to  facilitate  a  more  precise  injection  of  the  gaseous  samples  into 
the  MMGC,  it  was  decided  to  use  a  miniaturized,  commerdally-available  sample  injector 
(this  technology  has  significantly  progressed  since  Terry’s  research,  and  several  commercial 
injectors  capable  of  injecting  repeatable  volumes  of  less  than  2  ^1  are  now  available).  These 
injector  designs  are  based  upon  the  gas  sample  loop  technology  discussed  in  Chapter  2  (see 
Figure  3). 


Figure  40.  Miniature  Sample  Injection  Valve  (12:1882). 


The  commercial  gas  sample  valve*^  shown  in  Figure  41  was  mated  to  the  MMGC 
using  5  mil  ID  stainless  steel  tubing  as  shown  in  Figure  42.  The  sample  valve  was  operated 
by  continuously  Injecting  the  challenge  gas  into  the  sample  loop  while  the  carrier  gas  was 
injected  into  the  column  through  the  valve  (Position  A  in  Figure  43).  When  an  analysis 
was  desired,  the  valve  was  rotated  60*  dockwise  with  an  internal  electric  actuator.  With 

“Valeo  Inatraments  Co.  Inc.,  Part  Number  E6N6W,  Eonaton,  TX  (119). 
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the  valve  in  this  new  position  (Position  B  in  Figure  43),  the  gas  sample  trapped  in  the 
sample  loop  of  the  valve  was  connected  in-line  with  the  carrier  gas  traveling  to  the  column. 
Thus,  the  carrier  gas  swept  the  sample  gas  into  the  column,  where  it  was  separated.  Since 
the  vdume  of  the  sample  loop  was  a  given,  and  any  gas  trapped  in  the  loop  was  sent  to  the 
column,  there  was  virtually  no  dead-space.  Also,  the  problems  associated  with  the  precise 
cycle  timing  of  Terry’s  valve  were  eliminated,  since  the  sample  gas  can  be  injected  into  the 
column  only  when  it  was  in-line  with  the  carrier  gas. 


Figure  41.  Exploded  View  of  the  Sample  Injection  Valve  Used  in  this  Investigation  (119). 


4.1-2.2  Sample  Loop  Size,  The  optimal  sample  loop  volume  is  a  function  of 
several  critical  variables.  Three  variables  of  particular  concern  include  the  detector’s  sensi¬ 
tivity,  the  column’s  capacity,  and  the  gas  concentration  range.  As  a  general  rule,  the  small¬ 
est  sample  volume  containing  the  minimum  gas  concentration  that  satisfies  the  detector 
sensitivity  requirements  is  used  (18).  Any  volume,  when  combined  with  the  maximum  gas 
concentration,  that  exceeds  the  cdumn’s  capacity  will  tend  to  produce  asymmetrical  peaks. 
Using  these  basic  principles  and  several  approximate  calculations  for  column  capacity,  the 
sample  loop  volume  range  can  be  established  that  satisfies  these  requirements. 

In  order  to  determine  the  optimum  sample  loop  vdume  to  use,  it  is  necessary  to  know 
the  approximate  capacity  of  the  micromachined  column.  Since  the  column  dimensions  are 
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Fig;:re  42.  Sample  Injection  Valve  Connections  (119). 


Figtire  43.  Sample  Injection  Valve  Operation  (119). 


known,  and  the  spacing  bf  veen  adjacent  CuPc  molectiles  is  known**,  all  that  remains  is 
an  approximation  of  the  surface  area  of  the  CuPc  film  thatjis  available  to  interact  with 
(and  adsorb)  the  challenge  gas.  Therefore,  to  account  for  thei  effective  surface  area  of  the 
CuPc  film,  it  is  assumed  that  the  film  is  composed  of  a  con^Lmeration  of  cylinders  with 
an  approximate  radius  of  300  A  (see  Appendix  B  and  Equation  74).  Using  these  values, 
the  ratio  of  the  effective  surface  area  of  the  CuPc  film  (due  to  i|s  "roughness**)  to  the  area 
occupied  by  the  film  is  approximately  14:1.  If  this  ratio  is  then  applied  to  the  surface  area 


** Approximately  25  A(43). 


of  the  colun.n,  the  approximate  number  of  available  adsorption  sites  (assuming  one  site 
per  CuPc  surface  molecule)  is  on  the  order  of  10*®. 

The  three  commercially  available  sample  loop  volumes  which  are  compatible  with  the 
sample  injection  valve  are  2, 10,  and  20  micrditers.  For  the  smallest  loop,  it  was  experimen¬ 
tally  determined  that  the  gas  flow  was  restricted  to  a  maximum  of  approximately  75  ml/min 
(for  the  larger  loops,  the  maximum  flow  was  approximately  145  ml /min).  For  all  three 
loops,  the  minimum  reliable  flowrate  was  approximately  1.44  ml/min.  These  flowrates  are 
important  because  tht^  determine  the  concentration  of  NOj  and  NH3  molecules  injected*® 
(this  issue  will  be  thoroughly  discussed  in  Section  4.2.1). 

fbr  NO2,  the  maximum  concentration  (based  upon  the  lowest  flowrate*^)  that  could 
be  generated  was  approximately  1700  ppm.  The  minimum  concentration  was  17  ppm 
(32  p}  m  for  the  smaller  loop).  These  concentration  limits,  when  combined  with  the  volume 
of  the  loop,  determine  the  number  of  NOa  molecules  that  are  injected.  Knowing  the 
number  of  molecules  injected  for  each  of  the  available  sample  loops  (and  how  these  numbers 
compare  with  the  approximate  column  capacity)  determines  the  potential  effectiveness  of 
a  given  sample  loop.  These  ranges  (as  a  percent  of  column  capacity)  are  presented  in 
Table  10. 

Table  10.  Range  of  the  Number  of  Molecules  Injected  for  the  Three  Sample  Loop  Volumes 
Compared  to  the  Column’s  Capacity. 


Sample  Loop  Volume 

Minimum 

Maximum 

2^ 

0.1% 

7% 

10^1 

0.3% 

34% 

20 /il 

0.7% 

70% 

fVom  Table  10,  it  is  apparent  that  the  largest  loop  volume  is  close  to  saturating  the 
column  when  it  is  fllled  with  the  highest  NOa  concentration;  thus,  the  effective  performance 
evaluation  range  would  be  reduced.  The  smallest  loop  vdume  appears  to  be  the  best  of 

**SiBce  the  chemiiesutor  detector  was  more  sensitiTe  to  NOj,  the  sample  loop  volume  was  chosen  based 
upon  the  anticipated  NO2  concentration  values. 

*^See  Section  4.2.1. 
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the  three  choices  in  terms  of  injecting  a  sample  with  less  than  saturation  levels  of  N02- 
Unfortunately,  it  was  experimentally  determined  that  the  smaller  loop  did  not  provide 
a  sufficient  volume  of  the  challenge  gas  (in  terms  of  the  sheer  number  of  molecules)  to 
generate  reprodudble  signals  with  the  chemiresistor  detector.  Therefore,  as  a  compromise, 
the  10  /d  sample  loop  was  chosen  for  the  design  of  the  MMGC. 

This  sample  injection  system,  together  with  the  micromachined  column,  form  two 
of  the  three  major  component  areas  of  the  micromachined  gas  chromatograph.  The  final 
MMGC  component  design  requirement — the  detectors— will  now  be  discussed. 

4‘1‘S  Detector  Considerations.  In  order  to  facilitate  detection  of  nitrogen  dioxide 
and  ammonia,  a  chemiresistor  “tuned”  to  these  gases  (i.e.,  a  CuPc  chemically-sensitive 
thin  film)  is  ideal.  However,  the  chemiresistor  detector,  by  its  very  nature,  is  insensitive  to 
the  nitrogen  diluent,  and  thus,  crucial  retention  time**  information  wiU  be  lost.  Therefore, 
a  means  of  detecting  the  unretained  diluent  (nitrogen)  must  also  be  incorporated  into 
the  detector’s  design.  For  these  reasons,  a  dual  detector  system  was  incorporated  into 
the  MMGC:  a  sensitive  chemiresistor  as  the  primary  detector  (for  NO2  and  NH3),  and  a 
general  TCD  as  a  secondary  detector  (to  capture  the  leading  nitrogen  peak). 

Although  the  chemiresistor  and  TCD  are  both  suitable  detectors  for  the  microma¬ 
chined  gas  chromatograph,  the  goals  of  this  research  were  to  design,  develop,  fabricate, 
and  evaluate  the  performance  of  a  complete  MMGC  using  a  phase  that  manifests  strong 
adsorption  characteristics  toward  NO2  and  NH3 — and  not  necessarily  the  improvement  of 
these  detectors**.  A  summary  of  the  development  and  operation  of  the  CuPc  chemire¬ 
sistor  will  be  presented  here  with  spedhc  attention  devoted  to  those  design  issues  that 
were  modified  for  this  research  (additional  details  concerning  the  physical  and  electrical 
properties  of  CuPc  and  its  use  as  a  chemireastor  gas-sensitive  thin  film  are  provided  in 
Appendides  B  and  C). 

**The  difference  in  exhnnst  time  betmen  nnreUined  gene*  and  the  gaaea  of  intereat. 

**In  any  event,  improved  TCDs  are  already  under  inveatigaUon  and  development  by  commercial  com¬ 
panies  (120:8).  Additionally,  research  performed  at  AFIT  has  characterised  the  chemiresistors  which  were 
used  in  the  MMGC  (116, 117). 
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4’1-S.l  Chemiresistor.  The  chenuresistor  used  in  this  research  is  based  upon 
a  design  which  has  been  used  successfully  at  AFIT  for  a  number  of  years  (116,  117,  121). 
Modifications  were  made  to  the  existing  design  so  that  its  sensitivity  would  be  enhanced. 

The  previous  design  for  the  interdigitated  electrode  structure  was  comprised  of  30, 
1140  micron  long  fingers  for  the  ground  electrode,  and  29, 1140  micron  long  fingers  for  the 
driven  electrode,  (see  Figure  27).  The  spacing  between  the  electrodes  (and  the  electrode 
width  itself)  was  10  microns.  Using  Equation  50,  this  yields  a  serpentine  length  of  ap- 
p'-codmately  66  mm.  Initial  experiments  with  this  design,  and  a  2000  A  thick  CuPc  film^° 
yielded  an  overall  resistance*^  of  approximately  3  x  10*®  ft.  From  Equations  50  and  51, 
the  CuPc  resistivity  was  approximately  40  x  10®  ft-m.  Reported  values  for  CuPc  resistivity 
span  the  range  of  1  x  10®  ft-m  for  compressed  CuPc  powder  in  nitrogen  to  6.2  x  10**  ft-m 
for  single  crystal  CuPc  in  vacuo  (45,  122). 

In  order  to  improve  the  signal  level  (current)  by  decreasing  the  overall  resistance  of 
the  chemiresistor,  the  new  chemiresistor  design  incorporated  a  longer  serpentine  path**, 
and  a  ground-plane  beneath  the  electrodes  for  shielding.  However,  due  to  potential  yield 
problems  (shorts  across  the  electrodes  created  during  fabrication),  the  interelectrode  spac¬ 
ing  was  kept  the  same  (10  microns).  Even  with  this  spacing,  the  fabrication  yield  was 
only  approximately  35  percent.  Additionally,  due  to  time  constraints*®,  the  usable  circuit 
area  was  limited  to  2000  microns  by  200C  microns.  The  chemiresistor  geometry  which  fit 
these  constraints  had  a  finger  length  of  1980  microns  with  50  fingers  on  the  driven  elec¬ 
trode.  Using  Equation  50,  the  active  length  for  this  geometry  is  approximately  0.2  m,  with 
an  anticipated  resistance  (based  upon  the  reported  thin-film  resistivity  value)  of  approxi¬ 
mately  10  X  10*®  ft  after  CuPc  depodtion,  which  is  within  the  measurement  range  of  the 
instrumentation*^ . 


^This  thickneu  wu  chosen  ss  »  compromise  between  redndng  the  oversU  resistance  (thicker  films)  and 
improving  the  reversibility  (thinner  fUms)  (43).  The  initial  resist.mce  of  the  nneoated  chemiresistor  was 
too  small  to  meascre  with  the  available  equipment.  For  more  detail  on  this  selection,  see  Appendix  B. 

^’Measurements  were  made  at  room  temperature  in  dry  air. 

^F^om  Equation  51,  the  serpentine  length  of  the  chemireastor  is  inversely  proportional  to  the  resistance. 

**The  chemiresistors  were  fabricated  by  the  Metal-Oxide-Semicondnctor  Implementation  Service  (MO- 
SIS),  Marina  del  Rey,  CA.  The  shortest  turn-around  time  was  associated  with  their  Tinp  Chip  sized  die.  The 
usable  area  on  this  die  (reserving  space  for  bonding  pads)  was  approximately  2000  microns  by  2000  microns. 

**  Actual  resistances  (measured  in  helium)  were  on  the  order  of  10*’  (1,  yielding  a  resiativity  of  4  x  10*  O 
which  is  closer  to  the  single  crystal  CuPc  in  vacuo  measurement. 
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4.1.S.2  Thermistor.  In  Section  2.5,  a  standard  thermal  conductivity  detector 
was  discussed  (along  with  several  other  detector  types).  There  are  three  major  reasons 
why  the  TCD  is  an  ideal  candidate  as  a  secondary  MMGC  detector,  first,  the  TCD  is  a 
very  simple  device  requiring  the  exposure  of  only  a  sin^e  sensing  element  to  the  column 
effluent.  Secondly,  dnce  the  sensing  element  is  typically  a  thermistor,  and  thermistors  are 
commercially  available  with  very  small  geometries  (a  bead  with  a  diameter  of  125  fim — 
Thermometries,  Inc.,  Series  B05,  Edison,  NJ),  a  thermistor  based  TCD  is  compatible  with 
the  micron-sized  dimensions  of  the  MMGC  (33:B-2).  Finally,  a  TCD  does  not  alter  the 
molecular  structure  of  the  gas,  so  the  effluent  can  also  be  passed  to  the  more  sensitive  and 
selective  primary  detector — the  chemiresistor.  Thus,  the  primary  functions  of  the  TCD 
include  the  detection  of  inert  gas  pulses  to  insure  that  the  MMGC  is  leak-free,  and  the 
detection  of  the  nitrogen  diluent  as  a  timing  mark  for  the  chemiresistor's  response. 

TCD  Cell  and  Chemiresistor  Interface  Design.  The  most  complicated 
portion  of  the  MMGC  (as  far  as  micromachining  is  concerned)  is  the  TCD  cell.  In  addition 
to  housing  the  thermistor  bead,  it  functions  as  the  interface  between  the  column  and  the 
chemiredstor  detector.  The  column  is  simply  a  shallow  isotropic  etch,  but  the  TCD  cell  is 
micromachined  to  a  controlled  depth  (to  accommodate  the  thermistor)  with  a  means  for 
introducing  the  thermistor  leads.  Terry’s  TCD  cell  design  essentially  consisted  of  a  deep 
wdl  etched  into  the  silicon  wafer  that  housed  the  thermistor  bead,  and  two  holes  etched 
through  the  wafer  for  the  thermistor  leads  (see  Figures  44  and  45).  _ 

For  this  MMGC  design,  a  unique  TCD  cell  design  was  realized.  Instead  of  etching 
holes  and  channds  for  the  leads  (which  increase  TCD  ceU  volume),  the  wafer  was  etched 
twice  with  the  anisotropic  KOH  etchant  (see  Section  3.1.2).  The  first  etch  piocess  produced 
a  sdf-stc  iping  V-groove  on  the  back  of  the  wafer.  Simultaneously,  feedthroughs  were  used 
to  realize  a  connection  to  the  external  sample  injector,  and  alignment  marks  were  etched 
through  the  wafer  during  this  etch  process.  The  second  KOH  etch  produced  a  deep  inverted 
truncated  pyramid  on  the  front  surface  of  the  wafer,  intersecting  the  first  KOH  etch  V- 
groove  (see  Figure  46).  This  design  accommodates  lead  channds  without  introdudng  the 
additional  deadspacc  found  in  Terry’s  design  (11). 
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Figure  44.  Ebcample  of  a  Miniature  Thermal  Conductivity  Detector  Fabricated  with  a 
Thermistor  (Top  View)  (11:70). 

First  KOH  Etch.  Since  the  silicon  wafers  spanned  the  range  of 
being  365  to  385  microns  thick,  from  Equation  62,  the  mask  for  the  feedthrough  holes 
had  to  be  a  minimum  of  545  microns  (for  a  hde  with  zero  width  in  the  thickest  wafer). 
However,  since  the  interconnect  tubing^’  had  an  ID  of  254  microns  and  an  OD  of  794  mi¬ 
crons,  the  maximum  hole  width  was  established  to  be  the  OD  of  the  interconnect  tubing. 
Additionally,  in  order  to  match  the  column  cross-sectional  area^^  (so  that  the  flowrate 
reduction  occurred  outside  of  the  column),  the  hde  width  was  chosen  to  be  approximately 
55  microns.  Using  Equation  62,  this  dimension  yielded  a  mask  width  of  approximately 
600  microns  (for  the  thickest  wafer).  Since  this  dimension  was  narrower  than  the  OD  of 

number  T30N10D,  Vnlco  InttrnmenU  Co.  Inc.,  Hontton,  TX. 

**Thif  wu  calculated  to  be  approximately  3000  pm’. 
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figure  45.  Example  of  a  Miniature  Thermal  Conductivity  Detector  Fabricated  with  a 
Thermistor  (Side  View)  (11:70). 

the  interconnect  tubing,  the  interconnect  tubing  was  manually  tapered  so  that  it  would  fit 
into  the  etched  feedthrough. 

For  the  V-groove  portion  of  the  first  KOH  etch  process,  the  size  of  the  thermistor 
lead  wires  were  considered.  Since  the  thermistor  lead  wire  was  appnsdmatdy  20  microns 
in  diameter,  the  V-groove  had  to  intersect  the  TCD  cavity  structure  with  a  40  micron 
overlap  (to  facilitate  routing  the  leads  through  the  opening),  but  had  to  remain  less  than 
the  diameter  of  the  thernustor  bead  (approximately  125  nucrons).  Also,  the  TCD  cavity  for 
the  second  KOH  etch  process  was  to  be  approximately  200  microns  deep  to  accommodate 
the  thermistor  bead.  Assuming  a  nominal  silicon  wafer  thickness  of  380  microns,  and  a 
TCD  cavity  etch  depth  of  200  microns,  T  in  Equation  62  becomes  180  microns,  and  Whole 
is  40  microns,  finally,  the  required  mask  width  for  this  etch  process  is  approximately 
300  microns. 

Second  KOH  Etch.  The  mask  for  the  second  KOH  etch  (on  the 
front  of  the  wafer)  incorporated  mirror  image  alignment  marks  consistent  with  the  first 
mask^^,  and  a  square  feature  that  was  approximately  500  microns  on  a  ude  for  the  TCD 
cavity.  Since  the  thermistor  beads  were  approximately  125  microns  in  diameter,  a  bottom 
cavity  width  of  200  microns,  and  an  etch  depth  of  200  microns,  was  considered  sufiident  to 

*^Tliete  aligomeiit  muks  were  not  intended  to  be  etched  during  the  second  KOH  etch.  They  were  only 
need  to  align  the  second  mask  with  the  first  etch  which  was  on  the  back  of  the  wafer.  Therefore,  these 
marks  were  smaller  than  those  used  to  actually  etch  during  the  first  KOH  etch  (approximately  SO  microns). 
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Figure  46.  Improved  Thermal  Conductivity  Detector  Cell  and  Chemiresistor  Interface 
Design. 


provide  a  practical  fit  tolerance.  Using  these  dimensions  in  conjunction  with  Equation  62 
(as  discussed  in  Section  3.1.2.4)  yielded  a  mask  width  of  approximately  500  microns. 

The  approximate  volume  of  this  TCD  cell  is  20  nl  (compared  with  Terry's  volumes 
that  spanned  40  to  200  nl)  (11:98).  Additionally,  thermistor  insertion  is  simplified,  because 
prior  to  anoiic  bonding,  the  thermistor  is  positioned  in  the  cavity  and  the  leads  are  inserted 
through  the  dot  made  by  the  V-groove  on  the  opposite  side  of  the  silicon  wafer.  This  results 
in  a  simpler  process  compared  with  Terry’s  TCD  cell  design,  where  the  leads  had  to  be 
placed  within  narrow  troughs  so  that  they  would  not  Interfere  with  the  anodic  bonding 
process,  and  itjimplements  the  required  capability  of  interfacing  with  the  primary  detector 
(the  chemiresistor). 
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4-l‘4  Micromachined  Gas  Chromatograph  Design  Summary.  This  section  discussed 
the  specific  MMGC  design  issues  based  upon  the  theory  and  background  presented  in  Chap¬ 
ters  2  and  3.  Be^nning  with  a  justification  for  the  choice  of  CuPc  as  the  stationary  phase, 
and  how  it  influenced  the  column  design,  the  geometrical  and  operational  parameters  of 
the  colunon  were  established.  Next,  the  column  parameters  and  stationary  phase  choice 
were  used  to  determine  practical  sample  loop  volumes  for  the  sample  injection  system. 
Finally,  the  issues  associated  with  designing  the  detectors  were  discussed,  along  with  the 
spedfic  micromachining  requirements  to  implement  the  TCD  cavity.  Table  11  summarizes 
the  MMGC  design  choices.  The  next  aspect  of  the  micromachined  gas  chromatograph  de¬ 
sign  involved  devising  an  appropriate  challenge  gas  generation  and  delivery  system,  as  well 
as  an  instrumentation  network  capable  of  recording  the  signals  produced  by  the  MMGC. 


I^ble  11.  Summary  of  Micromachined  Gas  Chromatograph  Components. 


Component 

Description 

Stationary  Phase 

Copper  Phthalocyanine 

Column 

10  pm  X  300  pm  x  0.9  m 

Mobile  Phase 

40  psi  Helium 

Sample  Injection  System 

Gas  Sample  Valve  with  10  p\  Sample  Loop 

Detectors 

Chemiresistor  and  Thermal  Conductivity 

4-2  Design  of  the  Performance  Evaluation  System  for  the  Micromachined  Gas  Chromato¬ 
graph. 

The  MMGC  performance  evaluation  system  was  composed  of  two  fundamental  sub¬ 
systems:  the  gas  generation  and  delivery  system,  and  the  electrical  instrumentation  system. 
In  order  to  generate  reprodudble  concentrations  of  the  challenge  gases  and  introduce  them 
into  the  MMGC  for  evaluation,  a  gas  generation  and  delivery  system  was  devised  which 
incorporated  flowmeters  at  appropriate  locations  to  insure  that  the  correct  gas  mixture 
was  generated.  Additionally,  the  chemiresistor  and  thermistor  detectors  were  connected  to 
an  instrumentation  system  which  provided  the  required  amplification  and  data  recording 
functions.  Each  of  these  systems  will  be  discussed  individually. 
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4-2.1  Gas  Generation  and  Delivery  System.  A  schematic  of  the  gas  generation  and 
delivery  system  is  shown  in  Figure  47.  Within  this  system,  there  are  three  major  areas 
of  interest:  the  carrier  gas,  the  challenge  gases,  and  the  MMGC  interface  (through  the 
sample  injection  valve). 


Figure  47.  Schematic  of  the  Gas  Generation  System. 

Carrier  Gas.  The  choi<o  of  the  carrier  gas  was  primarily  motivated 
by  the  thermal  conductivity  detector.  In  order  to  sense  the  nitrogen  diluent  (to  pro¬ 
vide  timing  information  when  injection  occurs),  the  carrier  gas  was  required  to  have  a 
significantly  different  thermal  conductivity  relative  to  nitrogen.  Nitrogen  has  a  thermal 
conductivity  at  room  temperature  of  26  x  10“®  W/(m  *K)  (123).  The  gas  which  has  the 
highest  thermal  conductivity  is  hydrogen,  187  x  10~^  W/(m  *K)  (123).  However,  due  to 
safety  considerations,  the  second  most  thermally  conductive  gas  was  chosen;  helium  has 
a  thermal  conductivity  of  151  x  10"^  W/(m  *K)  (123).  This  choice  resulted  in  a  thermal 
conductivity  ratio  of  approximately  6:1  (helium,  nitrogen).  As  will  be  shown  in  Chapter  6, 
this  choice  was  sufficient  to  detect  the  nitrogen  diluent^^. 

^The  TCD  wu  only  designed  to  respond  to  the  nitrogen  dilnent,  so  the  tbennsl  conductivities  of  the 
two  chsUenge  gases  (NOj  and  NHs)  were  not  critical  for  determining  the  carrier  gas  to  nse  (other  than 
insuring  that  the  carrier  gas  was  inert  relative  to  the  challenge  gases).  However,  for  comparison,  the  two 
challenge  gases  had  similar  thermal  conductivities — approximately  25  x  10“*  W/(m  *K)  (123). 
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4.2.1.2  Challenge  Gases.  Since  there  were  two  challenge  gases  of  interest,  two 
permeation  tubes^  were  required.  Each  of  these  permeation  tubes  required  independent 
control  of  the  diluent  flow  (so  that  various  concentration  ratios  could  be  obtained).  To 
accomplish  this  objective,  the  permeation  tube  requiring  the  highest  flowrate  was  located 
first  in  the  diluent  stream  (see  Figure  47).  Any  excess  flow  was  then  vented  to  the  exhaust 
(controlled  by  a  needle  valve^)  before  the  reduced  flow  was  passed  to  the  second  perme¬ 
ation  tube.  The  first  flowmeter^*  was  used  to  actually  control  the  input  flow  to  the  first 
permeation  tube.  However,  the  second  flowmeter^^  was  used  solely  as  a  meter  (the  Sow  to 
the  second  permeation  tube  was  controlled  by  the  needle  valve). 

Since  the  tube’s  permeation  rate  strongly  depends  upon  its  operating  temperature, 
provisions  were  made  within  the  gas  generation  system  to  accommodate  a  thermocouple 
attached  to  one  of  the  permeation  tube’s  surface  (since  both  tubes  were  at  ambient  tem¬ 
perature  and  in  dose  proximity  to  each  other,  only  one  tube’s  temperature  was  measured). 
The  thermocouple’s  signal  was  then  routed  to  the  thermocouple  scanner  (which  will  be 
addressed  in  the  instrumentation  system  section)  where  it  was  recorded. 

Using  this  system,  a  wide  variety  of  NOj  and  NH3  concentration  combinations  can 
be  obtained.  For  example,  if  the  lowest  flowrate  setting  is  used  (1.4  ml/min),  the  NO3 
permeation  tube  would  generate  a  1700  ppm  concentration,  and  the  NH3  tube  would  gen¬ 
erate  a  21,000  ppm  concentration.  Thus,  concentration  ranges  from  0  ppm  (with  the  tube 
disconnected)  to  these  maximums  could  be  generated  with  this  system.  Once  generated, 
the  mixture  flows  through  the  sample  injection  loop  (which  serves  as  the  interface  to  the 
MMGC). 

^IVibes  that  ue  calibrated  to  permeate  at  a  specified  rate  at  a  given  temperature.  If  the  flowrate  of 
carrier  gas  across  the  tube  is  known,  the  concentration  can  be  calculated.  Both  the  ammonia  (model 
number  23-7014)  and  nitrogen  dioxide  (model  number  23-7052)  permeation  tubes  were  obtained  from  GC 
Industries,  Inc.,  F^mont,  CA.  For  the  NOj  permeation  tube,  the  concentration  in  ppm,  Cp,  is  related  to 
the  flowrate  in  ml/min,  fp,  by  the  following  GC  Industries  supplied  formula:  Cp  *  2394//p.  Similarly,  for 
the  NHs  permeation  tube,  Cp  s  29i00/ fp, 

*’>Model  W.1287-4,  Whitey  Co.,  Highland  HeighU,  OH. 

**Model  Number  8555-8654,  Gilmont  Instruments,  Inc.,  Great  Neck,  NY.  The  calibration  chart  rdating 
flowmeter  reading  and  flowrate  is  presented  in  Appendix  H. 

*^Model  Number  8555-8654,  Gilmont  Instruments,  Inc.,  Great  Neck,  NY.  Tlie  calibration  chart  relating 
flowmeter  reading  and  flowrate  is  presented  in  Appendix  H. 


4-2.1.S  MMGC  Interface.  The  gas  generation  and  delivery  system  was  con¬ 
nected  to  the  MMGC  through  the  sample  injection  system,  which  was  based  upon  the 
six-port  valve  that  is  shown  in  Figure  43.  Normally  (prior  to  injection),  the  sample  injec¬ 
tor  is  configured  as  shown  in  Figure  43  (Position  A).  In  this  configuration,  pure  helium 
carrier  gas  is  flowing  through  the  MMGC,  and  purging  it,  while  the  challenge  gases  are 
flowing  through  the  sample  loop.  When  an  injection  is  desired,  a  centred  Qgnal^  triggers 
the  sample  injection  valve  to  toggle  to  its  second  position,  as  shown  in  figure  43  (Position 
B).  In  this  position,  the  challenge  gases  "stored”  in  the  sample  loop  are  introduced  with  the 
helium  carrier  gas  flow  into  the  MMGC.  The  5-V  control  signal  which  causes  this  injection 
is  generated  by  the  instrumentation  system. 

4.2.2  Instrumentation  System.  The  critical  elements  of  the  instrumentation  system 
were  the  general  purpose  instrumentation  bus  (GPIB)  controller  and  a  dedicated  personal 
computer  (PC).  The  GPIB  controller  was  able  to  coordinate  the  operation  of  the  three 
major  pieces  of  instrumentation:  the  thermocouple  scanner,  the  heater  power  supply,  and 
the  senuconductor  parameter  analyzer.  Additionally,  the  controller  was  able  to  query  each 
instrument  for  pertinent  data  so  that  it  could  be  recorded  in  a  data  file. 

4. 2.2.1  Instrumentation  Bus  Controller.  The  GPIB  controller®^  programming 
was  accomplished  with  a  compiled  Pascal®®  program  that  incorporated  the  test  protocol  for 
a  particular  evaluation  (these  test  protocols  are  described  in  Chapter  6).  Since  the  GPIB 
interface  is  a  standard  among  laboratory  instruments,  it  was  a  relatively  straightforward 
task  to  connect  each  of  the  instruments  to  the  bus. 

4.2.2.2  Thermocouple  Scanner.  The  thermocouple  scanner®®  could  interro¬ 
gate  a  maximum  of  16  thermocouple  inputs.  For  this  research,  only  three  of  these  inputs 
were  used.  In  order  to  monitor  the  temperature  of  the  MMGC,  a  thermocouple  was 
mounted  on  the  glass  side  of  the  MMGC  (between  the  heater  strip  and  the  MMGC).  The 

**A  5-V  «igna!  connected  to  the  inmple  injector  Tilve’»  •inject*  control  line  m  described  by  the 
manniketnrer. 

®^Model  EP82335A,  HP-IB  Interface  and  Command  Library,  Hewlett-Packard,  Palo  Alto,  CA. 

®®Tbrbo  Pascal,  Borland  International,  Inc.,  Scotts  Valley,  CA. 

**Model  630,  Stanford  Research  Systems,  Snnnyrale,  CA. 
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Figure  48.  Schematic  of  the  Instrumentation  System. 


second  thermocouple  was  mounted  on  the  surface  of  one  of  the  permeation  tubes.  The 
final  thermocouple  was  used  to  measure  the  ambient  laboratory  temperature  to  monitor 
its  fiuctuations  (the  permeation  tube’s  thermocouple  had  too  much  thermal  mass  to  be 
senative  to  minor  variations). 

4-i’i’S  Power  Supplies.  The  heater  strips  used  to  devate  the  temperature  of 
the  MMGC  were  two  fiexible  heating  dements^  connected  in  paralld  and  attached  to  the 
front  side  of  the  MMGC  (see  Figure  49).  This  arrangement  created  a  net  reastance  of 
approodmatdy  84  il.  Experimentation  revealed  that  approximatdy  0.3  A  were  required  to 
raise  the  temperature  of  the  MMGC  to  approximatdy  90*C  (the  highest  test  temperature). 
This  behavior  indicated  that  the  power  supply  had  to  provide  approodmatdy  25  V  at  0.3  A 
to  drive  the  heater.  In  the  interests  of  automating  the  lengthy  test  cydes,  a  GPIB  controlled 
power  supply  was  desired. 

Unfortunatdy,  the  only  available  GPIB  compatible  power  supply^  could  only  provide 
a  maximum  of  20  V  at  5  A.  Therefore,  a  second  power  supply^  (which  did  not  have  GPIB 

*^Model  S160,  Minco  Prodncto,  Inc.,  Minneapolis,  MN. 

"Model  HP  6632A,  Hewlett  Packard,  Palo  Alto,  CA. 

"Model  HP  6236B,  Hewlett  Packard,  Palo  Alto,  CA. 


90 


Figure  49.  Side  View  of  Heater  Attachment. 


capability)  was  placed  in  series  with  the  GPIB  power  supply  with  a  fixed  setting  of  5-V. 
This  provided  a  baseline  current  of  approximately  60  mA  (with  an  equivalent  baseline 
temperature  of  approximately  30*C),  and  a  maximum  current  of  approximately  0.3  A — 
under  GPIB  control. 

Semiconductor  Parameter  Analyzer.  A  parameter  analyzer^  was  uti¬ 
lized  to  record  the  output  signals  of  both  the  chemiresistor  and  the  thermistor.  Addition¬ 
ally,  it  served  to  provide  the  5  V  control  signal  to  operate  the  sample  injection  valve  through 
one  of  its  voltage  outputs. 

**'Modd  HP  4145B,  Hewlett  Packard,  Palo  Alto,  CA. 
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The  instrumentation  requirements  for  the  chemiresistor  involved  current  measure¬ 
ments  in  the  picoampere  range^*  while  the  thermistor  required  voltage  measurements  in 
the  2-^  V  range.  The  semiconductor  parameter  analyzer  (Model  HP  41456)  was  well 
suited  to  satisfy  both  of  those  objectives,  and  it  permitted  measurement  intervals  as  short 
as  10  ms  or  as  long  as  10  s.  However,  only  1024  data  points  could  be  stored  for  a  single 
measurement  cycle.  Since  there  were  two  channels  (chemiresistor  and  thermistor),  this 
limitation  meant  that  the  maximum  duration  of  any  measurement  cycle  was  85  min.  This 
was  not  considered  a  problem  since  a  practical  goal  of  this  research  was  to  be  able  to 
operate  the  MMGC  with  an  analysis  time  of  less  than  one  hour. 

The  third  function  of  the  semiconductor  parameter  analyzer  was  to  provide  a  control 
signal  to  the  sample  injection  valve.  Since  part  of  the  capability  of  the  semiconductor 
parameter  analyzer  includes  the  ability  to  generate  arbitrary  DC  signals  on  any  (or  all)  of 
six  possible  output  channels,  one  of  these  channels  was  used  to  provide  the  5-V  signal  to  the 
sample  injector’s  “inject”  control  line.  During  normal  operation  (pur^ng — no  injection), 
the  control  signal  is  low  (0  V).  When  an  injection  is  desired,  the  parameter  analyzer  is 
triggered  (through  the  GPIB)  to  produce  a  contrd  signal  that  is  high  (5  V),  and  the 
drcuitry  within  the  sample  injection  valve  responds  by  rotating  to  the  inject  position. 
When  a  measurement  cycle  is  complete,  the  control  signal  is  reduced  to  the  low  (0  V) 
value,  and  the  sample  injection  valve  responds  by  rotating  back  to  the  load  position. 
Thus,  an  entire  MMGC  analyas  could  be  accomplished  automatically,  with  the  central 
GPIB  contrdler  dictating  the  sequence. 

4-S.S  Performance  Evaluation  System  Design  Summary.  This  section  summarized 
the  two  fundamental  components  c4  the  experimental  MMGC  performance  evaluation  sys¬ 
tem.  In  order  to  produce  a  variety  of  challenge  gas  mixtures,  a  gas  generation  and  delivery 
system  was  designed  which  would  generate  concentration  ranges  spanning  several  orders 
of  magnitude  for  each  of  the  two  gases.  The  MMGC  performance  evaluation  system  also 
included  an  dectronlc  instrumentation  network.  Central  to  this  network  was  the  GPIB 

*’Si]ice  Boiie  figures  were  extremely  sennlive  to  the  physical  isstmmentatioii  configuration  (tribodectric 
effects),  experiments  were  conducted  to  determine  typical  noise  values  for  the  test  configuration.  These 
experiments  revealed  an  average  noise  figure  of  approximately  0.25  pA  (see  Appendix  E). 
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controller  which  directed  the  power  settings  for  the  MMGC  heater,  recorded  data  from  the 
thermocouple  scanner,  and  prompted  the  semiconductor  parameter  analyzer  to  accomplish 
the  performance  evaluation  protocols  (as  described  in  Chapter  6).  With  the  design  infor¬ 
mation  presented  in  this  chapter,  the  fabrication  of  the  MMGC  can  now  be  discussed. 
These  fabrication  steps,  and  thdr  results,  are  presented  in  the  next  chapter. 
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V.  Micromachined  Gas  Chromatograph  Fabrication 

Imbrication  of  the  MMGC  was  accomplished  through  several  phases.  In  the  first 
phase,  a  photolithographic  mask  set  was  devised  which  incorporated  the  features  discussed 
in  the  previous  chapter.  In  the  second  phase,  the  actual  micromachining  steps  were  per¬ 
formed  to  physically  realize  the  features  imaged  in  the  photolithographic  mask  set.  The 
third  phase  consisted  of  the  steps  required  to  deposit  and  selectively  remove  the  MMGC 
column’s  stationary  phase.  The  fourth  phase  Involved  attaching  the  interconnect  tubing 
and  thermistor  fdlowed  by  the  anodic  bonding  process.  The  last  phase  involved  position¬ 
ing  and  secvring  the  chemiresistor  to  the  output  of  the  TCD  cell.  These  phases  will  be 
expanded  upon  in  the  following  sections  in  the  order  in  which  they  were  performed. 

5.i  Mask  Design  and  Fabrication 

Using  the  cdumn  dimenaons  established  in  the  previous  chapter,  a  photolithographic 
mask  set  was  prepared.  It  consisted  of  three  photolithographic  masks,  each  corresponding 
to  a  specific  chemical  process  etch.  All  three  photdithographic  masks  were  realized  by 
implementing  similar  techniques  for  their  layout  and  fabrication. 

In  order  to  generate  the  photolithographic  mask  layouts,  an  artwork  generating 
program^  was  used  to  place  the  required  photdith<^aphic  mask  features  (i.e.,  rectangles 
and  spirals)  in  predse  relative  locations,  insuring  that  the  various  layers  (corresponding 
to  the  different  chemical  etch  processes)  were  properiy  aligned  (see  Figures  50-52).  Each 
layer  was  then  printed  on  a  laser  printer  (at  5  times  ms^nifi cation)  and  transferred  to  a 
transparency^  which  was  subsequently  photographed  with  a  reduction  camera^  to  generate 
the  actual  photolithographic  masks. 

The  first  photollthogrsq>hic  mask  layer  (used  for  the  first  KOH  etch  on  the  back  of  the 
wafer)  required  a  narrow  rectan^e  for  the  TCD  V-groove  as  well  as  the  feedthrough  holes 

’Adobe  Dlostrstor  3.0,  Adobe  Syitemi  Incorporated,  Monntain  View,  CA. 

‘IR  1130  Infrared  IVansparencr  Film,  3M  Company,  Anatin,  TX. 

*Dekacon  III,  HLC  Engineering,  Co.,  Orriand,  PA.  The  camera  aettings  for  the  12  inch  lena  indnded  an 
f«top  value  of  11  and  an  expoanre  duration  of  120  aec.  The  front  al  the  camera  waa  aet  to  approximately 
23.8,  and  the  rear  of  the  camera  waa  set  to  approximatdy  46.8. 
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for  the  gas  inlet  and  alignment  marks.  The  second  image  layer  (used  for  the  second  KOH 
etch  on  the  front  surface  of  the  wafer)  consisted  of  the  TCD  cavity  feature  and  smaller 
versions  of  the  alignment  marks  that  are  used  in  the  first  mask^.  The  third  layer  (used  to 
etch  the  cdumn  and  strain  relief  rings)  was  created  as  two,  mirror  image  versions  (one  for 
the  silicon  wafer,  and  one  for  the  borosiUcate  ^ass  plate).  The  resultant  photolithographic 
masks  were  then  used  in  the  wet  chemical  etching  phase. 


Figure  50.  Photolithographic  Mask  Dedgn  Used  for  the  First  Potassium  Hydroxide 
(KOH)  Etch  (KOHl)  (V-Groove  and  Alignment  Marks).  The  Outer  Circle  is 
4  inches  in  Diameter. 


*TheM  alignment  marks  ivere  the  mirror  image  of  those  used  on  the  back  nde  of  the  wafer. 
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Figure  51.  Photolithographic  Mask  Design  Used  for  the  Second  Potassium  Hydroxide 
(KOH)  Etch  (K0H2}  (TCD  Cavity).  The  Outer  Grcle  is  4  inches  in  Diameter. 


5.2  Wet  Chemical  Etching. 

5.2.1  Potassium  Hydroxide  (KOH)  Etch  1:  V-Groove  Etch.  The  purpose  of  this 
etch  war  two-fold:  first,  to  create  a  V-groove  on  the  back  of  the  wafer  which  would  be  used 
to  accommodate  the  thermistor  leads  while  serving  as  an  interface  to  the  chemiresistor  cdl, 
and  second,  to  create  alignment  marks  and  gas  ports  for  the  subsequent  photolithographic 
masks.  Both  of  these  objectives  were  accomplished  nang  an  anisotropic  KOH  etch*.  The 
results  of  this  etch  process  are  shown  in  Figures  53  and  54.  The  critical  processing  steps 
required  to  accompUsh  this  wet  chemical  etch  are  listed  bdow*: 


*KOH  wu  oaed  since  the  alignment  marks  had  to  be  etched  thrcngh  the  entire  wafer,  and  the  V-groove 
had  to  stop  at  a  specified  depth  within  the  wafer.  As  discnssed  in  Section  3.1.2,  the  self-stopping  etch 
properties  of  KOH  made  this  possible. 

*The  details  of  each  of  the  processing  steps  are  presented  in  Appendix  A. 


Figure  52.  Photolithographic  Mask  Design  Used  for  the  Isotropic  Column  Etch.  The 
Outer  Circle  is  4  inches  in  Diameter. 

1.  Wafer  Cleaning 

2.  Oxidation 

3.  Fh>nt  Side  Photoresisf  Deposition  (Protectior) 

4.  Photoresist  Cure 

5.  Back  Side  Photoresist  Deposition  (Image  Capture) 

6.  KOHl  Photolithographic  Mask  Exposure  (Back  Side  Photoresist) 

7.  Photoresist  Development 

8.  Oxide  Etch 

^For  all  of  the  photolithographic  procesaiiig  stepe,  Waycoat  HRIOO  negative  photoreast  ^Olin  Hunt 
Specialty  Prodncta  Inc.,  West  Paterson,  NJ)  was  ns^  (124). 


9.  Wafer  Cleaning 

10.  KOH  Etch 

11.  Rinse,  Dry  and  Inspect. 

5.2.2  Potassium  Hydroxide  (KOH)  Etch  2:  Thermal  Conductivity  Detector  Cell 
Etch.  This  wet  chemical  etch  process  was  required  to  fabricate  the  TCD  cavity  and,  by 
intersecting  the  V-groove  fabricated  in  the  KOH  etch  1  process,  to  provide  a  means  for 
introducing  the  column  effluent  into  the  chemiresistor  cell.  As  in  the  previous  etch  process, 
KOH  was  used  to  facilitate  the  deep  etch  required  to  accommodate  the  thermistor  bead. 
The  .esult  of  this  wet  chemical  etch  process  is  shown  in  Figure  55,  and  the  processing  steps 
are  listed  below^: 

1.  Wafer  Cleaning 

2.  Oxidation 

3.  fhont  Side  Photoresist  Deposition  (Image  Capture) 

4.  KOB2  Photolithographic  Mask  Exposure 

5.  Photoresist  Development 

6.  Back  Side  Photoresist  Deposition  (Protection) 

7.  Photoresist  Cure 

8.  Oxide  Etch 

9.  Wafer  Cleaning 

10.  KOflftch 

11.  Rinse,  Dry  and  Inspect. 

*Tke  deUiU  of  each  of  the  procetiiog  step*  are  presented  in  Appendix  A. 
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5.2.S  Isotropic  Etch:  Column  Etch.  This  wet  chemical  etch  process  created  the 
micromachined  column  using  the  etchant  described  in  Section  3.1.1.  Since  the  MMGC 
column  etch  took  place  on  two  different  substrates  (the  silicon  wafer  and  the  glass  cover 
plate),  two  different  etch  processes  were  followed. 

5.2.S.1  Silicon  Wafer  Etch.  The  results  of  the  silicon  wafer  etch  process  are 
shown  in  Figures  56  through  61,  and  the  processing  steps  are  listed  below®: 

1.  Wafer  Cleaning 

2.  Oxidation 

3.  Front  Side  Photoresist  Deposition  (Image  Capture) 

4.  Isotropic  Mask  Exposure 

5.  Photoresist  Development 

6.  Back  Side  Photoresist  Deposition  (Protection) 

7.  Photoresist  Cure 

8.  Oxide  Etch 

9.  Wafer  Cleaning 

10.  Isotropic  Etch 

11.  Rinse,  Dry  and  Inspect. 

S.2.S.2  Glass  Cover  Plate  Etch.  The  results  of  the  ^ass  cover  plate  etch 
process  are  shown  in  Figures  62  through  65,  and  the  processing  steps  are  listed  below*®: 

1.  Wafer  Cleaning 

2.  Front  Side  Photoresist  Deposition  (Image  Capture) 

3.  Isotropic  Mask  Exposure 

*The  details  of  each  of  the  processing  steps  are  presented  in  Appendix  A. 

**’The  detaib  of  eadi  of  the  processing  steps  are  presented  in  Appendix  A. 
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4.  Photoresist  Development 

5.  Photoresist  Cure 

6.  Oxide  EtcH^^ 

7.  Wafer  Cleaning 

8.  Rinse,  Dry  and  Inspect. 

With  the  completion  cd  this  wet  chemical  etch  process,  the  micromachining  phase 
of  the  MMGC  fabrication  was  also  completed.  The  next  phase  of  the  MMGC  fabrication 
process  invdved  coating  the  column  walls  with  the  CuPc  stationary  phase. 

S.S  Stationary  Phase  Deposition. 

In  Chapters  2  and  4,  the  importance  of  a  smooth,  uniform,  stationary  phase  within 
the  cdumn  was  discussed.  In  order  to  accomplish  this  goal  for  the  MMGC,  CuPc  was 
sublimed  onto  the  surface  of  both  the  etched  silicon  wafer  and  the  etched  ^ass  plate. 
Since  the  sublimation  process  produces  uniform*’  thin  hlms,  that  part  of  the  deposition 
goal  can  be  readily  accomplished.  Unfortunately,  the  deposition  process  coats  the  entire 
wafer  (or  glass  plate),  not  just  the  interior  of  the  column.  Thereforsi,  a  means  of  selectively 
removing  the  excess  CuPc  is  crudal  for  accomplishing  the  ultimate  goal  of  fabricating  the 
MMGC.  The  CuPc  deposition  process  required  two  critical  steps:  first,  CuPc  sublimation, 
and  secorid,  the  selective  removal  of  CuPc  from  the  inter-column  surface. 

5.3. 1  Sublimation.  The  bulk  CuPc*’ powder  was  placed  in  a  resistively-heated  boat 
in  a  thermal  evaporation  chamber*^  (see  Section  3.2).  The  chamber  was  evacuated  with  a 
hdium  cryogenic  pump  to  a  pressure  of  10~*  Torr,  and  the  current  'hrough  the  resistively- 
heated  boat  was  adjusted  to  produce  a  sublimation  rate  of  approximately  3  A/sec  (deter¬ 
mined  with  a  calibrated  piezoelectric  quartz  crystal  film  thickness  monitor*’).  Since  the 

**The  oxide  etdi  is  •ctnally  the  isotropic  etch  for  the  glmss  piste. 

’^Uniform  in  the  sense  that  the  CnFc  covers  the  MMGC  colomn  with  a  nniform  thin  film — see  Figure  67. 

’^Flnke  Chemical  Corp.,  Roakonkoma,  NY. 

**ModeI  DV-602,  Denton  Vacnnm,  Inc.,  Cherry  Hill,  NJ. 

“Model  TM-IOOR,  Maxtek,  Torrance,  CA. 


109 


CuPc  target  film  thickness  was  2000  A,  the  deposition  times  were  on  the  order  of  10  min. 
The  actual  film  thickness  was  verified  with  a  profilometer*^  (see  Figure  66).  figures  67 
and  68  show  the  results  of  the  CuPc  deposition  process. 


Figure  66.  Representative  Profile  for  the  2000  A  Thick  Copper  Phthalocyanine  Thin 
Filin. 

S.S.i  Selective  Removal.  To  selectively  remove  the  CuPc  film  from  the  substrate’s 
surface,  while  leaving  the  CuPc  within  the  column,  invdved  polishing  the  substrate  with  a 
0.3  micron  diameter  aluminum  oxide  coated  lapping  film*^.  The  lapping  film  was  secured  to 
a  marble  plate  and  lubricated  with  DIW.  The  substrate  was  then  carefully  moved  across  the 
surface  of  the  lapping  film  in  a  figure-dght  motion  until  the  CuPc  was  removed.  Figures  69 
through  74  show  the  results  of  the  selective  removal  process.  Once  the  CuPc  was  removed 
from  the  surface  of  both  the  silicon  wafer  and  ^ass  plate  (verified  by  examination  under  a 
microscope),  the  two  colunm  components  were  stored  for  their  final  assembly. 

**Dektak  IIA,  Sloan  Technology  Corporation,  Santa  Barbara,  CA. 

*^Pait  Number  16.3-6,  PSI  Testing  Systems,  Inc.,  Houston,  TX. 
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5.4  Final  Assembly. 

The  final  MMGC  assembly  in  volved  mounting  both  the  internal  (e.g.,  thermistor) 
and  external  (e.g.,  interconnect  tubing)  hardware,  anodically  bonding  the  silicon  wafer 
to  the  glass  plate,  and  attaching  the  chemiresistor  to  the  output  port  of  the  TCD  cell. 
The  sequence  in  which  these  steps  were  accomplished  w’as  important  with  respect  to  being 
able  to  rapidly  correct  process  induced  defects.  The  first  step  involved  attaching  the 
interconnecting  gas  inlet  tube  to  the  gas  feedthrough  structure  etched  in  the  silicon  wafer 
(see  Figure  53). 

5.4'^  Gas  Inlet.  The  reason  this  step  was  accomplished  first  can  be  attributed  to 
the  epoxy^®  used  to  bond  the  tube  to  the  silicon  wafer  (see  Figure  75).  If  the  epoxy  flows 
too  much  during  cure,  it  may  obstruct  the  opening  in  the  interconnect  tube.  As  long  as 
access  is  maintained  to  the  front  surface  of  the  silicon  wafer,  a  small  metal  alignment  probe 
can  be  used  to  clear  the  tube.  However,  if  the  tube  were  to  be  attached  after  the  anodic 
bonding  process,  the  epoxy  obstruction  problem  would  be  irreversible.  Figure  76  shows 
the  results  of  a  successful  interconnect  tube  attachment^®. 

6.4’S  Thermistor  Insertion.  Once  the  gas  inlet  epoxy  cured  (and  was  visually  in¬ 
spected  to  insure  that  there  was  no  obstruction  of  the  interconnect  tube’s  ID),  the  ther¬ 
mistor  (see  Figure  77)  was  carefully  inserted  into  the  TCD  cavity.  Each  lead  was  threaded 
separately  through  their  respective  lead  slot  (V-groove-see  Figures  46  and  60)  using  a  pair 
of  wire-bonding  tweezers.  The  leads  were  then  gently  pulled  until  the  thermistor  came 
to  rest  in  the  cavity.  To  complete  this  assembly  process,  the  leads  were  secured  with  sil¬ 
ver  conductive  epoxy  to  the  surface  of  the  glass  plate.  Figure  78  shows  the  results  of  a 
successful  thermistor  installation. 

5.4‘S  Anodic  Bonding.  Once  the  interconnect  tubing  was  successfully  attached  and 
the  thermistor  was  inserted,  the  glass  plate  was  positioned  over  the  silicon  wafer  (with  the 
glass  plate’s  CuPc-coated  column  facing  towards  the  corresponding  CuPc-coated  column 

’*£poxy  907,  Miller  Stephenson  Chemical  Co.,  Inc.,  Danbury,  CT. 

**This  photograph  was  taken  after  the  final  MMGC  assembly  was  complete;  therefore,  the  glass  portion 
of  the  coinmn  is  shown. 
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Figure  75.  Side  View  of  Interconnect  Tubing  Attachment. 


in  the  silicon  wafer).  With  the  aid  of  a  low-power  binocular  microscope,  the  column  fea- 

! 

tures  in  the  glass  plate  and  dlicon  wafer  were  carefully  aligned,  and  the  two  halves  of  the 
MMGC  column  were  secured  with  adheave  tape.  Next,  the  cathode  was  attached  to  the 
opposite  ade  of  the  ^ass  plate  with  adhesive  tape  (see  Figure  36).  Finally,  the  assembly 
was  transferred  to  a  furnace^  and  heated  to  150*C  (the  adhesive  tape  was  capable  of  main¬ 
taining  a  bond  at  this  temperature).  Once  heated  (approximately  30  min  after  insertion 
into  the  furnace),  an  1800  V,  DC  bias  was  applied^^  (as  depicted  in  Figure  36)  between  the 
silicon  wafer  and  the  cathode,  and  this  configuration  was  processed  for  24  hours.  The  next 
day,  the  DC  bias  was  removed  from  the  MMGC  assembly,  and  the  furnace  was  permitted 
to  cod  for  approximately  1  hour  before  it  was  opened.  The  cathode  was  then  removed, 

^Tjrpe  30400  Thenndyne  Fninsce,  Bsnutesd/Thenaolyne,  Sabsidisty  of  Sybron  Coipoittion,  Dnbuqe, 

lA. 

“Using  the  high-volUge  power  supply  in  n  Model  577  Curve  IVacer,  Tektronix,  Inc.,  Besverton,  OR. 
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and  the  bond  was  examined.  If  the  anodic  bond  was  successful  (no  vends  between  adja¬ 
cent  cdumns),  the  MMGC  assembly  was  assessed  to  be  ready  for  implementing  the  last 
fabrication  step. 

5.4‘4  Chemiresistor  Attachment.  The  last  step  in  the  assembly  of  the  MMGC  in- 
vdved  attaching  the  chemiresistor  (see  figure  46).  The  chemiresistors  (shown  in  Figures  79 
and  80)  were  fabricated  and  packaged  by  MOSIS  (as  discussed  in  Section  4.1.3.1).  However, 
MOSIS  does  not  offer  the  service  of  depositing  CuPc  films,  so  the  same  procedure  used  to 
deposit  the  CuPc  thin  film  on  the  MMGC  column  walls  was  used  to  coat  the  interdi^tated 
electrode  portion  of  the  chemiresistor  (see  Section  5.3.1).  The  same  film  thickness  was  cho¬ 
sen  for  the  chemiresistor  as  a  compromise  io  attain  reasonable  reversibility  and  sensitivity. 
Figure  79  shows  a  chemiresistor  before  the  coating  process,  and  Figures  81  and  82  show  a 
chemiresistor  after  the  CuPc  thin  film  deposition. 

Once  the  chemiresistors  were  prepared,  they  were  attached  to  the  back  of  the  MMGC 
directly  over  the  lead  channel  of  the  TCD  cell  (see  Figure  60).  In  order  to  protect  the 
thermistor  leads,  a  teflon  spacer  was  machined  from  a  4  cm  square  of  stock  material 
that  was  125  microns  thick”.  A  square  window  approximately  0.5  cm  on  a  side  was 
removed  from  the  center  of  the  teflon  sheet,  and  the  spacer  was  then  positioned  between 
the  chemiresistor  and  the  MMGC  (see  Figure  46).  The  assembly  was  then  secured  with  a 
mechanical  damp. 

5.5  Summary. 

This  chapter  presented  the  sequence  of  steps  fdlowed  during  the  fabrication  of  the 
MMGC  design  discussed  in  Chapter  4,  be^nning  with  the  photolithographic  mask  fabri¬ 
cation  required  for  the  wet  chemical  etching  process.  Next,  the  actual  etching  procedures 
were  described,  and  they  were  followed  by  a  discussion  of  the  stationary  phase  deposition 
and  patterning  technique.  In  the  final  assembly  section,  the  internal  and  external  hardware 
configuration  was  described  along  with  the  anodic  bonding  process.  The  final  result  of  this 
fabrication  process  is  depicted  in  Figures  83  through  85.  The  performance  of  the  MMGC 

”P*rt  Number  D-VT-5,  Small  Part*  Inc.,  Miami,  FL. 
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was  then  evaluated  using  the  experimental  peifonnance  evaluation  system  discussed  in 
Section  4.2. 


VI.  Micromachined  Gas  Chromatograph  and  Subsystems  Evaluation 


This  chapter  presents  and  discusses  the  results  of  the  various  evaluations  performed 
on  the  two  MMGCs  that  were  fabricated.  Evaluation  of  each  MMGC  and  its  associated 
subsystems  was  accomplished  in  four  phases;  thermistor  evaluation,  flowrate  verifleation, 
chemiresistor  evaluation,  and  the  complete  MMGC  system  evaluation.  Since  several  of 
the  evaluation  phases  required  fuUy-functional  subsystems,  this  limitation  established  the 
order  in  which  the  evaluations  were  accomplished  (for  example,  to  measure  flowrates,  the 
thermistor  detector  had  to  be  fuUy-functional). 

The  thermistor  evaluation  was  accomplished  with  the  objective  of  identifying  an 
operating  current  for  the  thermistor  (in  addition  to  insuring  that  its  lead  integrity  was 
maintained  after  fabrication).  Once  the  thermistor  operating  current  was  identifled,  the 
flowrate  evaluations  were  performed  which  tested  the  integrity  of  the  MMGC  gas  paths,  the 
sample  injection  system,  and  contributed  information  regarding  the  thermistor’s  sensitivity. 

Next,  the  chemiresistor’s  sensitivity  was  evaluated  under  the  operating  conditions 
(both  temperature  and  challenge  gas  concentration)  antidpated  for  the  complete  MMGC 
system.  Once  the  primary  detector  had  been  characterized,  the  complete  MMGC  system 
evaluation  phase  was  accomplished  to  discern  if  the  MMGC  could  separate  NO3  and  NH3 
relative  to  the  nitrogen  diluent. 

6.1  Thermistor  Petformartce  Evaluation. 

Since  the  thermistor  packa^ng  was  one  of  the  most  delicate  operations  accomplished 
during  the  fabrication  phase  (the  lead  wires  were  only  20  microns  in  diameter,  and  they 
were  very  fra^le),  it  was  necessary  to  insure  that  the  thermistor  leads  were  mechanically 
and  electrically  robust.  To  this  end,  the  electrical  conductivity  between  the  epoxied  ther¬ 
mistor  leads  was  checked  with  a  conventional  laboratory  ohm-meter  and  compared  with 
the  vendor  reported  nominal  value  of  10  Kfl  at  room  temperature.  If  the  measured  value 
was  within  dblO  percent  of  the  nominal  value,  the  thermistor  packa^ng  process  was  consid¬ 
ered  to  be  successful,  and  the  current- voltage  (I-V)  relationship  of  the  thermistor  was  then 
characterized  as  a  prelude  for  identifying,  an  operating  point.  MMGC  #1  had  a  thermistor 
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resistance  of  10.14  Kfl,  and  MMGC  #2  had  a  resistance  of  10.29  Kfl,  so  both  thermistor 
packa^ng  processes  were  assessed  to  be  successful. 

Since  the  thermistor  was  to  be  operated  in  a  predominantly  helium  atmosphere  at 
temperatures  between  25*C  and  an  upper  limit^  of  110*C,  the  I-V  curve  was  obtained  using 
an  HP4145  semiconductor  parameter  analyzer  while  40  psi  of  helium  flowed  through  each 
MMGC  at  a  temperature^  of  68*C.  The  results  of  this  test  for  both  MMGCs  is  shown  in 
Figure  86. 


Figure  86.  Voltage  versus  Current  Plot  for  the  Thermistors  in  MMGC  #1  and 
MMGC  #2. 

Fkom  the  information  shown  in  Figure  86,  it  is  apparent  that  the  desired  negative 
resistance  region  exceeds  the  maximum  current  level  tested  (5  mA).  Due  to  the  power 
handling  limitations  of  the  thermistor  (a  maximum  of  12  mW  at  steady-state),  continuous 
operation  at  currents  greater  than  3.5  mA  would  cause  permanent  damage  (or  destruction) 

*  Since  the  anodic  bonding  piocess  was  implemented  at  approximately  150*C,  a  25  percent  safety  margin 
was  chosen  as  aveasonable  valne  fe;  establishing  the  MMGC’s  maximum  evaluation  temperature. 

’The  average  temperature  between  25  and  110  *C. 
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to  the  thennJstor.  Therefore,  3  mA  was  identified  as  the  operating  point,  since  it  represents 
the  highest  current  level  which  maintains  a  safety  margin  of  approximately  25  percent. 


6.2  Flow  Rate  Verification. 


Once  the  operating  point  was  identified  for  the  thermistor,  it  was  posable  to  test 
each  MMGC  for  gas  leakage  paths  between  adjacent  portions  of  the  spiral  cdumn  and  to 
insure  that  the  sample  injection  system  performed  as  expected.  In  order  to  accomplish  this 
objective,  the  gas  inlet  port  of  the  MMGC  was  connected  to  the  sample  injection  valve  as 
shown  in  Figure  42.  The  helium  carrier  gas  was  connected  as  shown,  but  the  challenge  gas 
permeation  tubes  (NO2  and  NH3)  were  removed,  which  meant  that  the  sample  loop  was 
filled  with  the  nitrogen  diluent  gas  only^. 


In  order  to  predict  the  time  required  for  the  nitrogen  sample  to  propagate  the  length 
of  the  interconnect  tubing  and  the  MMGC’s  column,  it  was  first  necessary  to  calculate 
the  pressure  drop  within  the  interconnect  tubing  to  determine  the  amount  of  time  the 
nitrogen  sample  spent  within  it.  Since  at  steady  state,  with  no  leaks,  the  number  of  gas 
molecules  per  unit  time  (the  gas  “current”)  flowing  through  the  interconnect  tubing  must 
be  equal  to  that  in  the  MMGC  cdumn,  it  is  possible  to  iteratively  solve  for  the  pressure 
at  the  interconnect  tubing’s  interface  using  Boyle’s  law  (see  Section  2.4)  to  establish  the 
following  relationship: 


fintK'nt  __  FqVc 
Tint  Te 


(65) 


where  Pint  is  the  pressure  at  the  interconnect  tubing’s  interface,  K’„t  is  the  vdume  flow 
rate  at  the  interface.  Tint  is  the  gas  temperature  at  the  interface,  is  the  pressure  at  the 
output  of  the  column  (normally  atmospheric  pressure),  Vg  is  the  cdumn’s  output  volume 
flowrate,  and  Tg  is  the  column’s  temperature.  The  average  linear  velocity  of  the  gas  at 
the  output  of  dther  the  interconnect  or  the  column  is  given  by  Equation  26,  where  the 
permeability  for  the  cdumn  is  pven  by  Equation  30,  and  the  permeability  for  a  roun*’ 
column  (that  is,  for  the  interconnect  tubing)  is  given  by,  ^  (25).  Additionally,  since 

’The  thermal  conductivity  difference  between  nitrogen  and  helium  was  anfiicient  to  detect  with  the 
thermistor-baaed  TCD  (see  S^ion  2.5.1). 
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the  average  linear  velocity  is  related  %o  the  volume  flowrate  by  the  cross-sectional  area  (see 
Section  2.4),  Equation  65  becomes: 


PintViniltro^  _  PoVc^2oV> 
Pint  Pe 


(66) 


where  »i„i  is  the  average  linear  gas  velocity  at  the  interconnect  tubing's  interface,  to  is  the 
radius  of  the  interconnect  tube,  Vc  is  the  average  linear  gas  velocity  at  the  output  of  the 
column,  2zo  is  the  thickness  (height)  of  the  column,  and  w  is  the  width  of  the  column. 
Since  »,„i  depends  upon  the  input  pressure.  Pi,  and  Pint  through  Equation  26,  and  Vc 
depends  upon  the  input  pressure  to  the  column  (which  is  Pint)  and  P^,  the  only  unknown 
is  Pint-  Therefore,  for  MMGC  #1  (pven  a  column  thickness  of  9.5  microns,  column  length 
of  0.9  m,  column  width  of  330  microns,  interconnect  radius  of  0.005  in,  interconnect  tubing 
length  of  40  cm,  input  pressure  of  40  psi  above  atmospheric,  and  an  output  pressure  of 
1  atmosphere),  the  interconnect  pressure  can  be  iteratively  solved  to  be  japproximately 
39.998  psi  above  atmospheric.  This  result  indicates  that  the  majority  of  thcj  pressure  drop 
occurs  within  the  column,  which  is  not  surprising  since  the  area  ratio  of  the  interconnect 

I 

tubing  to  that  of  the  column  is  approximately  17:1.  For  MMGC  #2,  the  cdiimn  thickness 
was  11.3  microns,  and  the  other  variables  were  the  same  as  for  MMGC  #1.  This  situation 
yidds  an  interconnect  pressure  of  approximately  39.997  psi  above  atmospheric. 

Since  the  pressure  drop  within  the  interconnect  tubing  is  very  small,  the  time  it  takes 
for  the  nitrogen  sample  to  propagate  through  the  sample  loop  and  the  interconnect,  tcon< 
is  pven  by: 


(67) 


where  vtoop  >*  the  effective  vdume  of  the  sample  loop*,  and  Leon  is  the  length  of  the 
interconnect  tubing.  The  numerator  cS  Equation  67  represents  the  vcflume  that  corresponds 
to  the  midpcunt  that  the  nitrogen’s  peak  travels,  while  the  denominator  is  the  volume 


^Since  the  •amide  loop  is  filled  at  atmospheric  pressure,  aad  the  point  of  interest  is  the  nitrogen  peak, 
which  starts  at  the  midpoint  of  the  sample  loop,  the  elfective  volume  of  a  10  d  sample  loop  is  given  by: 
•Imp  w  (l/2)(P»/i’,)(10/il).  The  factor  of  1/2  accoants  for  the  midpoint,  and  the  P«fPi  ratio  acconnts  for 
the  decreased  volnme  when  the  sample  loop  is  exposed  to  the  higher  pressnre  carrier  gas. 
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flowrate  of  the  gas  through  the  interconnect.  For  MMGC  #1,  tam  is  calculated  to  be 
approximately  67  sec,  and  for  MMGC  #2,  icon  is  approximately  39  sec. 

Once  the  nitrogen  sample  reaches  the  column,  the  time  required  for  it  to  traverse 
the  column,  teo/,  is  given  by  Equation  18,  where  the  partition  ratio  is  tahen  to  be  0 
(since  nitrogen  is  not  apprecia.bly  retained  by  the  cdumn's  CuPc  stationary  phase).  For 
MMGC  #1,  icoi  is  approximately  9  sec,  and  for  MMGC  #2,  teoi  is  approximately  7  sec. 
These  results  yield  an  overall  nitrogen  sample  propagation  time  of  approximately  76  sec 
for  MMGC  #1  and  46  sec  for  MMGC  #2.  Figure  87  shows  the  thermistor  response  for 
nitrogen  injections  into  both  gas  chromatographs,  along  with  the  predicted  peak  locations. 


Figure  87.  MMGC  Flowrate  Verifleation  Results  Using  a  Nitrogen  Sample. 
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Because  of  the  favorable  coirespondence  between  the  predicted  and  actual  nitrogen 
sample  peak  locations’,  and  the  avddance  of  multiple  peaks  (which  would  indicate  leakage 
paths  between  adjacent  columns),  both  MMGCs  were  regarded  as  functional  with  respect 

’Repeated  enJnatioiu  yielded  data  nearly  identical  to  that  shown  in  Figure  87.  Therefore,  any  variations 
were  less  than  the  resolntion  of  the  instrumentation  (approximately  0.5  seconds). 
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to  the  sample  injection  system,  the  interconnecting  tubing,  and  the  integrity  of  the  column. 
The  next  phase  of  the  evaluation  process  targeted  the  remaining,  untested  component — the 
chemiresistor. 

6.S  Chemiresistor  Performance  Evaluation. 

Since  the  response  of  the  chemiresistor  depended  upon  the  challenge  gas  concentra¬ 
tion  and  the  operating  temperature  (see  Appendix  B),  it  was  important  to  independently 
characterize  both  dependencies.  To  this  end,  a  series  of  experiments  were  devised  which 
fixed  the  challenge  gas  concentration  while  the  operating  temperature  was  varied.  This  sit¬ 
uation  facilitated  establishing  the  temperature  dependence  of  the  chemiresistor’s  response, 
thereby  establishing  the  practical  operating  temperature  range  for  the  subsequent  MMGC 
evaluations.  Next,  a  second  series  of  experiments  were  performed  where  the  temperature 
was  now  held  constant,  and  the  challenge  gas  concentrations  were  varied.  This  investiga¬ 
tion  was  important  to  establish  the  response  of  the  chemiresistor  to  the  MMGC  effluent 
so  that  the  minimum  detectable  challenge  gas  concentrations  could  be  determined. 

6.S.1  Temperature  Dependence.  Temperatures  spanning  55*C  to  80*C  were  iden¬ 
tified  to  characterize  the  chemiresistor.  This  choice  was  based  upon  the  initial  MMGC 
experiments  which  revealed  retention  times  in  excess  of  45  min  for  temperatures  less^  than 
55*C.  In  addition,  the  80*C  temperature  was  identified  as  an  upper  bound  ance  repro¬ 
ducibility  was  enhanced  when  the  system  was  purged  at  an  elevated  temperature  (effective 
for  desorbing  strongly  bound  challenge  gases  from  the  CuPc  column’s  coating).  Since  a 
maximum  temperature  of  110*C  was  established  in  Section  6.1,  the  maximum  evaluation 
temperature  was  chosen  to  be  30*C  less  than  the  110*C  maximum^. 

6.S.1.1  Test  Protocol.  There  were  two  major  response  parameters  in  this  eval¬ 
uation:  the  chemiresistor’s  baseline,  and  its  challenge  gas  response.  Prior  to  injection  of 

*Since  the  instrumeBtation  system  wss  only  cspsble  of  recording  events  with  n  mnximnm  dnrntion  of 
85  min,  45  min  retention  times  were  reguded  ns  n  mnximnm  time  limit  (npproximntely  hslf  of  the  sUownble 
recording  time). 

^Althoagh  the  test  protocol  for  both  the  chemiresistor  ud  MMGC  evaluations  required  only  a  10*C 
purge  temperature  increase,  the  30  C  difference  provided  both  a  safety  margin  and  the  capability  for 
accelerated  purges  (if  desired). 
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the  challenge  gas,  the  chemiresistor  wa£  purged  at  a  10*C  elevated  temperature  (relative 
to  the  operating  temperature,  55*C  to  80 *C)  with  helium  for  approximately  85  min.  The 
temperature  was  then  reduced  to  the  operating  temperature  and  allowed  to  stabilize  for  a 
minimum  of  40  min.  The  parameter  analyzer  was  then  activated  to  record  the  chemire- 
sistor’s  signal,  and  approximately  15  minutes  later,  a  sample  injection  was  accomplished. 
The  initial  15  minute  response  cycle  provided  baseline  information,  while  the  remainder 
of  the  trial  contributed  information  concerning  the  challenge  gas  response®.  This  protocol 
was  implemented  for  Ave  distinct  temperatures  per  challenge  gas.  The  chemiresistor  re¬ 
sponse  was  processed,  and  the  error  was  estimated  according  to  the  procedures  discussed 
in  Appendix  E.  The  results®  are  summarized  in  Figures  88  and  89. 


Figure  88.  Temperature  Dependence  of  the  Chemiresistor’s  Brseline  and  Response  to  a 
75  ppm  Concentration  of  Nitrogen  Dioxide. 


*Tlie  challenge  gas  concentration  was  identified  to  generate  a  response  at  least  3  times  greater  than 
the  noise  level  of  the  chemiresistor  (approximately  0.5  pA  peak-to-peaJc).  For  NOj,  this  concentration  was 
approximately  75  ppm,  and  for  NHj,  it  was  approximately  6300  ppm. 

*The  actnal  data  collected  is  presented  in  Appendix  I. 


Figure  89.  Temperature  Dependence  of  the  Chemiresistor’s  Baseline  and  Response  to  a 
6300  ppm  Concentration  of  Ammonia. 

From  the  chemiresistor’s  challenge  gas  data,  it  is  apparent  there  is  a  strong  temper¬ 
ature  dependence  for  the  baseline  level  and  the  NO2  response.  The  NH3  response  appears 
to  be  independent  of  temperature;  unfortunately,  the  error  associated  with  these  meaisure- 
ments  (see  Appendix  E)  indicates  that  the  ammonia  response  temperature  dependence  is 
inconclusive.  The  reason  for  the  increased  error  attributed  to  the  NH3  results  compsired 
to  those  for  NO3,  emerge  from  the  fact  that  NH3  is  an  electron-donor,  whereas  NO2  is  an 
electron-acceptor  (45).  Since  CuPc  is  a  p-type  semiconductor,  NO2  adsorption  leads  to  an 
increase  in  electrical  conductivity,  while  NH3  adsorption  leads  to  a  reduction  in  electrical 
conductivity  (see  Appendix  B). 

As  a  hypothetical  example,  if  the  chemiredstor  were  operated  with  a  baseline  current 
of  10  pA,  and  a  noise  level  of  0.5  pA.  A  signal  15  times  greater  than  the  noise  level  would 
require  an  increase  in  the  baseline  conducti\dty  by  a  factor  of  1.75  for  N02t  and  a  decrease 
in  the  baseline  conductivity  by  a  factor  of  4  for  NH3.  A  dgnal  19  times  greater  than  the 
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noise  level  would  require  a  1.95  factor  increase  in  conductivity  for  NO3,  and  a  decrease 
by  a  factor  of  20  for  NH3.  The  ultimate  limit  for  NH3  in  this  situation  would  be  a  signal 
20  times  greater  than  the  noise  level  (which  would  reduce  the  current  to  essentially  0  A). 
Therefore,  because  the  baseline  currents  are  small  (generally  between  3  pA  and  15  pA), 
the  NH3  resolution  is  much  lower  than  the  NO3  resolution,  and  the  relative  noise  level  is 
greater  for  NH3  than  for  NOj. 

Although  this  evaluation  did  not  reveal  a  temperature  dependence  for  NH3,  it  did 
confirm  that  the  baseline  response  does  increase  with  increasing  temperature  (correspond¬ 
ing  to  the  greater  contribution  of  thermally  generated  carriers).  The  literature  reports  that 
there  is  a  trap  level  located  at  0.37  eV  above  the  valence  band  edge  (122).  FYom  Figures  88 
and  89,  the  experimental  activation  ener^es  were  on  the  order  of  0.4  eV,  which  correlates 
well  with  this  trap  level  (see  Appendix  B). 

6.S.S  Challenge  Gas  Concentmtion  Response  Characteristics.  In  this  evaluation, 
the  NO3  and  NH3  concentrations  were  varied  for  three  different  temperatures:  70,  80,  and 
90*C.  The  80*C  temperature  limit  was  identified  consistent  with  the  desire  to  operate  the 
MMGC  at  the  highest  possible  temperature  where  the  challenge  gas  detection  process  was 
still  reliable  (the  higher  the  operating  temperature,  the  faster  a  chromatogram  could  be 
obtained).  FYom  the  previous  test,  the  80*C  temperature  limit  still  had  a  reasonably  strong 
signal  (approximately  4  times  the  0.5  pA  noise  level  for  NO2,  and  3  times  the  nmse  level 
for  NH3 — see  Appendix  E).  The  other  two  temperatures  were  selected  to  bracket  the  80*C 
temperature. 

6.S.2.1  Test  Protocol.  The  test  protocol  was  very  similar  to  that  used  in  the 
prior  temperature  evaluation  process  (Section  6.3.1).  However,  instead  of  adjusting  the 
temperature  between  runs,  the  challenge  gas  concentration  was  varied  by  adjusting  the 
nitrogen  diluent  flowrate  and  allowing  the  flow  to  stabilize  during  the  heated  purge  stage. 
Prior  to  injecting  the  challenge  gas,  the  chemiresistor  was  purged  at  a  10*C  elevated  tem¬ 
perature  (relative  to  the  operating  temperature  range  of  70*C  to  90*C)  with  helium  for  ap¬ 
proximately  85  min.  The  temperature  was  then  reduced  to  the  desired  operating  value  and 
allowed  to  stabilize  for  a  minimum  of  40  min.  The  paraimetei  analyzer  was  then  activated 
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to  record  the  chemiresistor’s  response,  and  approximately  15  minutes  later,  a  challenge 
gas  injection  was  performed.  For  NO2,  the  concentration  was  varied  from  75  ppm  (es¬ 
tablished  in  the  previous  test — Section  6.3.1)  to  570  ppm  (corresponding  to  the  minimum 
reproducible  flowrate  of  approximately  4.2  ml/min).  Similarly,  the  NH3  concentration  was 
varied  between  500  ppm  and  5000  ppm.  This  reduced  NH3  concentration  range  was  uti¬ 
lized  ance  the  6300  ppm  concentration  used  in  the  temperature  dependence  evaluation 
experiment  was  on  the  order  of  the  column’s  saturation  concentration  (estimated  to  be 
approximately  5000  ppm).  Therefore,  the  concentration  re^me  below  this  5000  ppm  linoit 
was  explored  to  determine  if  detectable  concentrations  below  saturation  were  possible. 
The  500  ppm  NH3  concentration  lower  limit  corresponded  tc  the  highest  flowrate  with  a 
nitrogen  diluent  gas  pressure  of  10  psi  (higher  pressures  resulted  in  substantial  flowrate 
variations  with  respect  to  time). 

This  protocol  was  implemented  at  each  operating  temperature  value  for  flve  concen¬ 
trations  of  each  challenge  gas  type  (NH3  and  NO2).  The  chemiresistor  signal  was  then 
processed  according  to  the  procedure  described  in  Appendix  £  (where  the  response  is  de¬ 
fined  as  the  magnitude  of  the  amplitude  of  the  fitting  functional**^).  The  results**  are 
summarized  in  Figures  90  and  91. 

For  NO],  there  is  an  approximate  linear  relationship  between  the  injected  concen¬ 
tration  and  the  chemiresistor’s  response  for  all  three  temperatures.  As  expected,  when  the 
temperature  it  increased,  the  response  decreases.  Because  of  this  decreased  response  at 
higher  temperatures,  the  signal  tends  to  overlap  at  the  higher  concentrations  for  the  90*C 
test.  For  this  reason,  the  MMGC  evaluations  were  conducted  below  90*C. 

The  NH3  test  confirmed  the  relative  concentration  independence  of  the  chemiresistor 
to  concentrations  greater  than  3000  ppm.  This  independence  is  attributed  to  the  way 
that  NH3  affects  the  chemiresistor’s  electrical  conductivity  (see  Appendix  B).  Since  the 
electrical  conductivity  decreases,  NH3  concentrations  greater  than  a  spedfic  critical  level 
will  not  respond  differently.  This  critical  level  appears  to  be  approximately  3000  ppm  (for 

‘"NHs  canaes  a  decrease  in  the  chemiresistor’s  current,  while  NO3  causes  an  increase  in  the  same  current. 
Defining  the  response  as  the  magnitude  of  this  change  permits  the  direct  comparison  between  NHs  and 
NO3  remits. 

**The  actual  data  collected  is  presented  in  Appendix  I. 
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Figure  90.  Concentration  Dependence  of  the  Chemiresistor’s  Response  to  Nitrogen  Diox¬ 
ide.  i 

i 

! 

temperatures  spanning  70*C  tb  90*C).  Below  this  level,  there  is  a  concentration  dependence, 

I 

but  the  signal  level  is  so  sm^  (on  the  order  of  the  noise  level — approximately  0.5  pA 

i 

peaJc-to-peah),  that  operation  in  this  concentration  re^me  would  produce  spurious  and 
Inconclusive  results.  For  this  reason,  the  MMGC  evaluation  concerning  retention  time  (see 
the  following  section)  was  performed  using  large  concentrations  (approximately  6300  ppm) 
of  NH3. 

Although  the  results  concerning  the  detection  of  small  NH3  challenge  gas  concentra¬ 
tions  were  disappointing,  the  chemiresistor  was  still  regarded  as  bang  sufficiently  sensitive 
to  perform  “binary”  (yes  or  no)  detection  at  the  greater-than  3000  ppm  NH3  challenge  gas 
level.  ^Vlth  regard  to  NO3,  the  chemiresistor  was  definitely  sensitive  to  concentrations  in 
the  75  ppm  to  570  ppm  range,  exhibiting  a  neariy  linear  response  to  these  concentrations 
at  temperatures  less  than  80*C.  Overall,  the  chemiresistor  evaluation  was  considered  suc- 
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Figure  91.  Concentration  Dependence  of  the  Chemiredstor’s  Response  to  Ammonia. 

cessful,  and  the  performance  information  gained  was  used  as  the  basis  for  establishing  the 
temperature  and  concentration  operational  parameters  used  in  the  MMGC  evaluation. 

6.4  Micromachined  Gas  Chmmatograph  Performance  Evaluation. 

In  its  capadty  as  a  quantitative  tool  for  gas  analysis,  the  gas  chromatograph  depends 
on  two  fundamental  parameters:  the  retention  time  of  a  given  gas  (to  separate  it  from 
competing  gases)  and  the  corresponding  amplitude  of  the  response  peak  (to  determine  gas 
concentration).  In  order  to  qualify  the  MMGCs  fabricated  during  this  investigation,  two 
independent  evaluations  were  performed  on  each  MMGC.  The  first  evaluation  addressed 
the  retention  time  issue,  while  the  second  evaluation  addressed  the  gas  concentration  sen¬ 
sitivity  characteristic. 

6.4’i  Retention  Time.  FVom  Section  2.3.2,  the  relationship  between  the  heat  of 
adsorption  for  a  solid  stationary  phase  and  the  retention  time  was  presented  as  Equation  64. 
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This  relationship  is  linear  if  the  logarithm  of  the  retention  time  is  compared  with  reciprocal 
temperature.  In  order  to  identify  the  heat  of  adsorption  for  CuPc  for  the  two  challenge 
gases,  a  binary  mixture  of  these  gases  was  injected  at  several  temperatures.  The  choice  of 
the  challenge  gas  concentrations  was  determined  by  the  previous  chemiresistor  evaluations; 
approximately  6000  ppm  NH3  and  75  ppm  NOj. 

6.4. 1.1  Test  Protocol  Prior  to  injection  of  the  challenge  gas,  the  chemiresis¬ 
tor  was  purged  at  a  10*C  elevated  temperature  (relative  to  the  operating  temperature) 
with  helium  for  approximately  85  min.  The  temperature  was  then  reduced  to  the  test 
value  and  allowed  to  stabilize  for  85  min.  The  parameter  analyzer  was  then  activated  to 
record  the  chcmiresistor’s  response,  and  simultaneously,  the  sample  injection  valve  was 
triggered.  The  chemiresistor’s  response  for  the  next  50  minutes  was  recorded.  This  pro¬ 
tocol  (depicted  graphically  in  Figure  92)  was  implemented  six  times  for  each  of  the  five 
operational  temperatures  evaluated  for  the  two  MMGCs.  The  results'*  are  summarized'* 
in  Figures  93  and  94. 

FVom  the  NO2  data,  it  is  apparent  that  there  is  a  strong  linear  correlation  between 
the  logarithm  of  the  retention  time  and  redprocal  temperature.  The  slope  of  the  least- 
squares  line  drawn  through  the  data  for  both  MMGCs  corresponds  to  an  average  heat  of 
adsorption  that  is  approximately  0.38  eV,  and  this  value  is  comparable  with  the  adsorption 
heats  associated  with  weah  chemisorption  or  strong  physisorption  processes  (125).  Since 
the  adsorption  heat  is  known,  it  is  now  possible  to  calculate  the  partition  ratio  for  NO3 
and  CuPc  in  the  MMGC. 

6.4.1.S  NO]  Partition  Ratio.  Uting  Elquation  18,  the  NOj  partition  ratio  for 
each  of  the  MMGCs  relative  to  the  evaluation  temperature  range  can  be  calculated.  Fur¬ 
thermore,  a  general  expression  for  the  partition  ratio  can  be  developed  since  the  partition 
ratio  for  solid  adsorbents  exhibit  the  fdlowing  relationship  with  respect  to  temperature 
(114): 

'’The  actual  data  collected  ia  presented  in  Appendix  J. 

"The  parameter  plotted  is  the  I02  of  the  retention  time  as  determined  by  the  data  rednction  algorithm 
described  in  Appendix  E. 
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Figure  92.  Micromachined  Gas  Chromatograph  Evaluation  Protocol.  The  Time  Required 
for  One  Complete  Evaluation  Cycle  is  220  minutes. 


k  =  koexpi-E^lkiT)  (68) 

where  kg  is  a  constant,  Eg  is  the  adsorption  energy,  kf,  is  Boltzmann’s  constant,  and  T  is 
the  absolute  temperature.  The  logarithm  of  the  calculated  partition  ratios  was  also  plotted 
versus  redprocal  temperature  as  shown  in  Figure  95  (114). 

The  slope  of  the  line  in  Figure  95  corresponds  to  a  partition  ratio  of  the  form  given 
by  Equation  68,  where  kg  is  approximately  4  x  10~^  and  Eg  is  approximately  0.38  eV  (the 
same  value  of  Eg  was  calculated  for  the  NO2  retention  time  data). 

Unfortunately,  a  partition  ratio  for  NH3  could  not  be  calculated  since  the  NH3  data 
manifests  an  independence  of  retention  time  with  respect  to  temperature.  This  behavior  is 
due  to  the  fact  that  the  injected  NH3  concentrations,  in  order  to  be  detectable,  exceeded 
the  column’s  capacity.  Since  there  were  more  ammoma  molecules  compared  to  available 
adsorption  sites,  most  of  the  ammonia  flowed  through  the  column  and  was  not  retained. 
The  NH3  that  was  retained  was  of  too  small  a  concentration  to  be  precisely  measured  by 
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the  detector.  Further  confirmation  of  this  observation  will  be  discussed  in  the  next  section 
where  the  NH3  challenge  gas  concentration  was  systematically  varied. 

Of  the  temperatures  tested,  the  highest  (80*C)  was  considered  to  be  most  favorable  in 
terms  of  establishing  the  minimum  retention  time  (approximately  ^20  min).  Higher  temper¬ 
atures  would  be  expected  to  further  reduce  the  retention  time,  but  would  also  compromise 
the  sensitivity  of  the  chemiresistor  detector.  On  the  other  hand,  loWer  temperatures  would 
improve  the  detector’s  sensitivity,  but  this  feature  would  be  gain^  at  the  expense  of  in¬ 
creasing  the  retention  time.  Therefore,  the  80*C  temperature  was  used  to  conduct  the  next 
set  of  tests. 

6.4-S  Challenge  Gas  Concentration  Response  Characteristics.  In  order  to  verify 
quantitative  operation  of  the  MMGC,  it  was  necessary  to  evaluate  its  response  to  differ¬ 
ent  concentrations  of  the  challenge  gases.  The  same  concentration  ranges  were  used  as 
discussed  in  the  chemiresistor  detector’s  challenge  gas  concentration  evaluation;  however. 


151 


binary  gas  mixtures  were  used  to  demonstrate  the  capability  of  the  MMGC  to  separate 
the  components  prior  to  detection.  The  NO2  tests  were  performed  with  approximately 
6300  ppm  NH3,  and  the  NH3  tests  were  performed  with  approximately  500  ppm  NO2. 

6.4‘2.1  Test  Protocol.  Prior  to  injecting  the  challenge  gas  mixtu  'j  the  c*- 
sistor  was  purged  at  a  10*C  elevated  temperature  (relative  to  the  operational  tempe 
with  helium  for  approximately  85  min  to  ensure  a  completely  purged  state  and  basdine 
response.  The  temperature  was  then  reduced  to  the  test  value  and  allowed  to  stabilize  for 
85  min.  The  parameter  analyzer  was  then  activated  to  record  the  chemiresistor’s  response, 
and  simultaneously,  the  sample  injection  valve  was  activated.  The  next  50  min  of  data 
was  recorded.  This  protocol  was  implemented  ax  times  for  each  of  the  five  challenge  gas 
mixture  concentrations  for  the  two  MMGCs.  The  challenge  gas  mixture  concentrations 
were  adjusted  prior  to  each  trial  in  the  set  of  six  identical  measurements  (approximately 
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FiguM  95.  Experin.ontally  Determined  Partition  Ratios  for  NO2  Relative  to  Copper  Ph- 
thalocyanine  Correlated  with  Reciprocal  Temperature. 

every  24  hrs).  The  chcmiresistor’s  response  was  processed  according  to  the  procedures 
described  in  Appendix  E,  and  the  results*^  are  summarized  in  figures  96  and  97. 

Comparing  Figures  96  and  97  with  Figures  90  aud  91,  it  is  apparent  that  the  ammonia 
concentration  response  is  very  similar  to  that  of  the  isolated  chemiresistor’s  evaluation. 
This  behavior  is  due  to  the  saturation  of  the  column  with  NH3,  such  that  it  behaves 
similar  to  a  simple  section  of  interconnect  tubing.  Unfortunately,  at  the  concentrations 
where  saturation  is  not  a  problem  (less  than  500  ppm),  the  detector’s  sensitivity  towards 
ammonia  is  almost  negligible. 

The  NO3  data  is  much  more  promising.  Although  the  magnitude  of  the  response 
is  somewhat  attenuated  when  compared  with  the  isdated  chenii resistor  tests,  the  data 
shows  a  linear  trend  with  respect  to  gas  concentration,  thus  coniirming  the  capability  of 
the  MMGC  to  function  as  an  analytical  tool  (with  respect  to  NOj).  Additionally,  ance 

**The  tctnsl  data  collected  ia  presented  in  Appendix  J. 
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Figure  96.  CJoncentration  Dependence  of  the  Nitrogen  Dioxide  Response  for  the  Micro- 
machined  Gas  Chromatograph. 

the  same  linear  trend  was  evident  in  the  isolated  chemiresistor  tests,  this  evaluation  also 
demonstrated  the  capability  of  the  MMGC  to  separate  two  potentially  interfering  gases 
prior  to  detection. 

A  synopsis  of  the  collected  data  is  shown  in  Figures  98  through  104.  The  actual  data 
was  collected  and  processed  as  described  in  Appendix  E.  The  resulting  parameters  were 
then  converted  to  equivalent  gausaan  peaks  and  scaled  to  facilitate  interpretation. 

In  the  initial  series  of  tests,  the  NH3  and  NO3  challenge  gas  concentrations  were  held 
constant  while  the  temperature  was  increased  from  55*C  to  80*C  (Figures  98  to  100).  Next, 
the  temperature  and  NR3  concentration  were  held  constant  while  the  NO3  concentration 
was  varied  from  75  ppm  to  560  ppm  (Figures  100  to  102).  Finally,  the  temperature  and 
NO)  concentration  were  hdd  constant  while  the  NH3  concentration  was  systematically 
varied  from  6900  ppm  to  480  ppm  (Figures  102  to  104). 
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Figure  97.  Concentration  Dependence  of  the  Ammonia  Response  for  the  hticromachined 
Gas  Chromatograph. 

6,5  Summary 

In  this  chapter,  the  results  of  the  MMGC  evaluation  were  presented  and  discussed. 
The  initial  thermistor  evaluation  verified  the  operation  and  viability  of  the  thermistor  and 
provided  valuable  information  concerning  the  identification  of  an  operating  point  for  the 
TCD.  Once  the  TCD  operating  point  was  established,  the  flowrate  evaluations  yielded  two 
critical  pieces  of  information.  First,  the  correlation  between  the  experimental  results  and 
the  theoretical  calctilations  verified  that  there  were  no  gas  leakage  paths  in  the  anodic  bond 
between  adjacent  portions  of  the  MMGC  columns.  Second,  operation  of  the  commercial 
sample  valve  was  confirmed  via  the  injection  of  pure  nitrogen  into  the  hel’'im  carrier 
gas.  After  establishing  the  injection  valve’s  operation,  the  chemiresistor  was  evaluated 
under  a  variety  of  thermal  and  challenge  gas  concentration  conditions.  These  evaluations 
confirmed  the  expected  thermal  generation  of  carriers  in  a  semiconductor  by  the  increase 
in  the  baseline  response  with  respect  to  increasing  temperature.  Rirthermore,  a  range  of 
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Figure  98.  Gaussian  Representation  of  Gas  Elution  (55*C,  6300  ppm  NH3,  and  75  ppm 
NO3).  Vertical  Axis  is  the  Magnitude  of  the  Differentiated  Chemiresistor 
Response. 

detectable  concentrations  for  NH3  and  NO3  was  established  for  use  in  the  final  senes  of 
evaluations. 

The  final  set  of  evaluations  was  performed  on  the  complete  MMGC  system  to  demon¬ 
strate  its  capability  for  separating  and  detecting  various  concentrations  of  NO2  and  NH3 
under  a  variety  of  thermal  conditions.  This  capability  was  confirmed,  and  the  information 
manifested  by  the  relationship  between  the  NO3  retention  time  and  temperature  was  re¬ 
garded  as  particularly  valuable  with  respect  to  establishing  the  heat  of  adsorption  of  NO3 
on  CuPc.  Unfortunatdy,  due  to  the  chemiresistor  detector’s  limitations,  the  minimum 
NH3  concentration  that  could  reliably  be  detected  exceeded  the  column’s  saturation  limit. 
Therefore,  the  heat  of  adsorption  could  only  be  calculated  for  NO3. 

As  will  be  seen  in  the  next  chapter,  the  NO3  heat  of  adsorption  can  be  used  (along 
with  some  additional  information)  to  characterize  the  overall  interaction  between  NO3 
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Figure  99.  Gaussian  Representation  of  Gas  Elution  (66*C,  6300  ppm  NH3,  and  75  ppm 
NO3).  Vertical  Axis  is  the  Magnitude  of  the  Differentiated  Chemirecastor 


Response. 


mdecules  and  the  CuPc  coated  MMGC  column  wails.  This  interaction  will  then  be  used 
in  a  model  of  the  MMGC’s  operation  to  further  confirm  the  experimental  data  and  correlate 
it  with  the  theory  discussed  in  Chapter  2. 
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Figure  100.  Gaussian  Representation  of  Gas  Elution  (80*C,  6300  ppm  NH3,  anc*.  75  ppm 
N02).  Vertical  Axis  is  the  Magnitude  of  the  Differentiated  Chemiresistor 
Response. 
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Figure  101.  Gaussian  Representation  of  Gas  Elution  (80'C,  6300  ppm  NH3,  and  270  ppm 
NO3).  Vertical  Axis  is  the  Magnitude  of  the  Differentiated  Chemiresistor 
Response. 


Chemiresistor  Response  (pA/Min) 


Figure  103.  Gaussian  Representation  nf  Gas  Elution  (80*C,  1620  ppm  NH3,  and  540  ppm 
NO3).  Vertical  Axis  is  the  Magnitude  of  the  Differentiated  Chemiresistor 
Response. 
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NormaEzed  Thermistor  Response 


VII.  Time-Domain  Performance  Model  of  the  Micromach-.  ied  Gas  Chromatograph 

Due  to  the  complexity  of  the  MMGC  system  (the  large  pressure  gradient,  the  pseudo- 
rectangular  walls,  and  the  nearly  uniform  solid  adsorbent),  it  is  necessary  to  invoke  fun¬ 
damental  gas  kinetics  in  conjunction  with  the  experimentally  obtained  adsorption  data  to 
be  able  to  compare  the  performance  evaluation  results  with  easting  GC  theory.  Since  the 
only  challenge  gas  which  yielded  meaningful  adsorption  data  was  NO2,  the  model  presented 
in  this  chapter  will  focus  sdely  on  NO2  in  a  helium  diluent  that  interacts  with  a  CuPc 
stationary  phase  which  coats  the  MMGC  walls.  First,  the  diffusion  coefRcient  for  NO2  in 
helium  will  be  calculated.  Second,  the  experimental  data  will  used  to  establish  approxi¬ 
mate  values  for  the  probability  of  adsorption  and  adsorption  lifetime.  Third,  these  values 
will  be  used  in  an  iterative,  time-domain  performance  model  of  the  MMGC  to  simulate  a 
series  of  NO2  mdecules  interacting  with  the  column. 

7.1  Model  Parameters. 

The  average  molecular  velocity,  Vav,  of  an  ideal  gas  with  mass  m  is  given  by  (ILd): 


where  R  is  the  gas  constant,  and  T  is  the  temperature  of  the  gas.  For  NO2  (m  m 
0.047  kg/mole)  at  80*C,  Vov  is  approximat&y  400  m/sec. 

Since  the  number  of  helium  molecules  in  a  typical  MMGC  challenge  gas  mixture  is 
much  greater  than  the  number  of  NO2  molecules  (especially  for  concentrations  less  ihsm 
500  ppm),  an  approximation  for  the  diffusion  coef&dent  can  be  established  based  upon  the 
mean  free  path  of  a  sin^e  NO2  molecule  in  hdium.  Under  this  dilute  approximation,  the 
number  of  collisions,  He,  expenenced  by  a  single  NO2  molecule  in  helium  is  given  by  (126): 

^(^5  (70) 
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where  («  5.5  x  10“  ni~^)  is  the  density  of  helium  mdecules*,  S}^  («2  A)  and  s„  («9  A) 
are  the  effective  diameters  for  helium  and  NO2,  respectively,  and  nth  («  0.004  kg/mcle) 
and  TRn  (»  0.047  kg/mole)  are  the  masses  of  sin^e  helium  and  NO2  molecules.  For  the 
average  pressure  of  within  the  MMGC  column  (calculated  to  be  23.S  psi  above  atmospheric 
pressure),  the  corresponding  collision  frequency  is  approximately  7.6  x  10*°  collisions/sec. 

Based  upon  the  average  velocity  and  collision  frequency,  the  mean  free  path.  A,  can 
be  calculated  using  the  fdlowing  simple  expression  (126): 

A  =  ^.  (71) 

In  this  case,  the  mean  free  path  for  a  sin^e  NO2  molectile  in  helium  is  approximately 
5.2  X  10~°  m,  which  corresponds  to  an  effective  diffusion  coefficient,  D,  of  approximately 
1.04  X  10”°  m’/sec  through  the  following  rdationship  (126): 

=  (72) 

In  addition  to  the  gas  kinetics,  the  adsorptive  interaction  between  NO2  and  CuPc 
is  a  major  factor  affecting  the  propagation  of  NO2  molecules  through  the  column.  Un¬ 
fortunately,  the  existing  experimental  data  concerning  the  adsorptive  properties  of  CuPc 
thin  films  is  inconclusive,  so  separate  experiments  were  conducted  using  the  chemiresistors 
(which  were  coated  with  CuPc  at  the  same  time  that  the  MMGCs  were  fabricated)  to 
approximate  the  parameters  of  interest.  A  summary  of  these  experiments,  along  with  a 
chemiresictor  adsorption  model,  is  presented  in  Appendix  C.  These  evaluations  yielded  the 
following  parameters:  a  lifetime  constant,  v,  of  2900  sec”*,  and  an  adsorption  probability, 
K,  of  2.9  X  10”®. 

♦ 

Model  Implementation. 

The  time-domain  model  of  the  MMGC  emulates  the  propagation  of  one  NO2  molecule 
as  it  travels  through  the  MMGC.  The  computer  code  required  to  implement  the  MMGC 

*At  picMure  P  and  temperatnre  T,  the  nnmbci  of  ideal  gas  molecules  per  unit  volume  is  P/{tnT),  where 
kh  IB  Boltsmann’s  constant  (126). 
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model  is  prese;.  .  a  Appendix  D.  A  summary  of  the  model  is  shown  in  the  flowchart 
depicted  in  Figure  105. 


Figure  105.  Flowchart  for  the  Micromachined  Gas  Chromatograph  Time-Domain  Model. 

I 


The  first  step  for  each  molecule  involves  selecting  a  random  starting  position  within 
the  MMGC  column^s  cross-section  (so  that  the  results  are  not  biased  by  the  origin  of  the 
NO2  molecule).  Once  this  requirement  is  accomplished,  the  model  will  iteratively  move 
the  molecule  through  the  MMGC  column  based  upon  the  flowrate  at  the  given  location 
(see  Equation  15)  and  the  diffusion  coeffldent^  (see  Figure  106).  Once  the  mdecule  has 
been  moved,  a  check  is  made  to  see  if  it  is  at  one  of  the  column  walls. 

ff  the  NO2  molecule  is  on  one  of  the  MMGC  colunm  walls,  another  check  is  made 
to  see  if  it  is  adsorbed  (based  upon  the  probability  of  adsorption).  If  the  molecule  is 
adsorbed,  the  time  variable  is  incremented  by  the  mean  adsorption  lifetime.  Otherwise,  a 
final  check  is  made  to  see  if  the  NO2  molecule  has  propagated  to  the  end  of  the  column- 
If  the  NO2  molecule  has,  the  model  terminates  the  analysis  for  that  molecule,  providing 

^Effectively,  the  molecule  is  moved  to  •  landom  locstios  on  the  sniface  of  a  sphere  with  a  radins 
equivalent  to  the  diffnsion  length  of  the  molecule,  and  a  center  displaced  from  the  previous  location  by  a 
distance  related  to  the  flowrate  through  the  column. 
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Figure  106.  Column  Cross  Section  Depicting  the  Movement  of  a  Sin^e  NO2  Molecule. 

the  time  variable  as  an  indicator  of  the  retention  time  for  that  particular  molecule.  If  the 
molecule  is  still  in  the  column,  the  overall  process  is  repeated. 

Figures  107  through  112  depict  typical  results  from  this  modd  (for  5000  simulated 
molecules).  As  the  temperature  is  varied,  and  parameter  changes  are  made  to  model  the 
two  different  MMGC  geometries,  the  retention  times  correlate  reasonably  well  with  the 
experimental  retention  rimes.  These  behavioral  characteristics  are  compared  in  Figure  113. 

7.3  Sqfamiion  Factor. 

Finally,  using  the  separation  factor  discussed  in  Section  2.3.2.2,  the  accuracy  of 
the  assumptions  made  in  the  derign  phase  can  be  evaluated  with  respect  to  the  actual 
experimental  data  and  the  modd  results.  Addirionally,  a  modification  to  Golay’s  theory 


40 


D  Simulated  Molecules 
—  Gaussian  Fit 


Figare  107.  Typical  Histogram  for  the  Hme-Domain  Micromachined  Gas  Chromato¬ 
graph  Modrl  of  MMGC  #1  at  55*C. 

will  be  proposed  that,  in  part,  rectifies  the  disparity  between  the  theoretical  calculations 
and  the  experimental  data. 

iVx>m  £}qnation  7,  the  NO2  retention  time  data,  and  the  partition  ratio  (see  Sec¬ 
tion  6.4.1. 2),  the  actual  separation  factors  for  the  two  MMGCs  for  different  operating 
temperatures  can  be  calculated  and  compared  with  the  predicted  separation  factors  (using 
the  method  described  in  Section  4.1.1.2),  and  the  separation  factors  calculated  from  the 
modd’s  data.  The  results  of  these  calculations  are  summarized  in  Table  12. 

fVom  Table  12,  it  is  apparent  that  there  is  a  significant  discrepancy  between  the 
predicted  and  actual  separation  factors  (a  difference  of  more  than  four  orders  of  magnitude), 
whereas  the  experimental  and  modd  reparation  factors  are  within  an  order  of  magnitude 
of  each  other.  This  rdationship  implies  that  there  is  a  fundamental  problem  with  the 
assumptions  which  were  made  in  using  Golay’s  theory.  In  Section  2.4.2,  the  statement  was 
made  that  *. .  .if  the  stationary  phase  was  a  sdid  whose  mode  of  retention  was  adsorption- 
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Figure  108.  Typical  Histogram  for  the  Time-Domain  Micromachined  Gas  Chromato- 
gr^h  Model  of  MMGC  #1  at  68*C. 

desorption  at  the  solid  surface,  the  sample  would  not  penetrate  into  the  bulk  of  the  material, 
so  redstance  to  mass  transfer  in  the  stationary  phase  could  be  neglected.”  This  situation, 
however,  does  not  appear  to  be  precisely  the  case. 

Since  CuPc  is  such  a  strong  adsorbent  of  NO2  (in  the  re^on  between  physi-  and 
chemisorption),  there  is  an  equivalent  retention  time  which  mimics  the  diffusion  of  a  gas 
sample  into  a  liquid  phase.  Fortunatdy,  Golay  addressed  the  effect  of  dow  diffusivity  into 
the  stationary  phase  by  abandoning  the  assumption  that  diffudon  within  the  stationary 
phase  is  instantaneous,  yielding  a  third  term  to  Equation  42,  which  becomes  (25): 

TSR  105(14- Jb)’  -D  ^  3(1 -F  ib)’ WD, 
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Figure  109.  Typical  Histogram  for  the  Time-Domain  Micromachined  Gas  Chromato¬ 
graph  Model  of  MMGC  #1  at  80*C. 


where  F  is  the  ratio  of  the  effective  surface  area  of  the  stationary  phase  relative  to  the 
actual  area,  and  A  is  the  diffusivity  of  the  stationary  phase^.  To  utilize  this  result,  it 
is  necessary  to  establish  estimates  for  the  two  additional  variables  {F  and  A)  in  order 


to  determine  the  effect  of  the  additional  Golay  term  on  the  value  of  the  separation  factor 
(SF).  Fortunately,  because  of  the  information  gained  during  the  experimental  evaluation 

i 

phase,  these  estimates  can  be  calculated.  | 

I 

From  the  transmission  electron  microscopy  studies  (see  Appendix  B),  F  can  be  esti¬ 
mated  from  the  average  size  of  the  CuPc  poiycrystal^  and  the  thickness  at  the  CuPc  film  by 
assuming  that  it  is  composed  of  a  conglomeration  d  cylindrical-shaped  crystallites.  If  each 
cylinder  has  a  characteristic  radius,  fn-,  and  a  characteristic  hdght,  her,  the  total  surface 
area  of  the  cylinder  is  2Trerher  +  irrer*,  and  the  coluiLi  area  occupied  by  the  crystallite  is 
amply  rver^.  Hence,  F  can  be  approximated  by  taking  the  ratio  of  these  two  expressions: 


*See  Sectioo  2.4.2  for  a  dbcnMion  of  D,  «•,  k,  and  *». 


Figure  110.  Typical  Histogram  for  the  Time-Domain  Micromachined  Gas  Chromato¬ 
graph  Model  of  MMGC  #2  at  56*C. 

where  r„  is  the  average  crystallite  radius  (apprcodmately  300  A  from  Figure  130  in  Ap¬ 
pendix  B)  and  h„  is  the  average  crystallite  height  (approximately  2000  A  from  the  thick¬ 
ness  of  the  CuPc  thin  film).  Using  these  values,  an  estimate  for  F  is  calculated  to  be 
14. 

The  other  variable,  Di,  can  be  estimated  assuming  that  a  pven  adsorbed  NOj 
mcdecule  moves  a  distance  at  two^  mean-free-paths  per  average  adsorbed  lifetime  (see 
Equation  71).  Using  Elquation  72,  and  assuming  that  Vqv  =  2Ay9,  where  1//9  is  the  average 
adsorbed  lifetime  (see  Appendix  C,  Equation  87),  is  approodmatdy  2  x  10”*®  m®/sec 
at  55*C. 

*Oiie  meui-ftee-patli  length  involved  when  striking  the  sniisce,  and  another  when  it  leaves. 
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Figrxe  111.  Typical  Histcgram  for  the  Time-Domain  Micromachined  Gas  Chromato¬ 
graph  Model  of  MMGC  #2  at  68*C. 

Using  these  numerical  estimates  for  F  and  Di,  and  recomputing  the  separation  factor 
(SF)  for  the  conditions  specified  in  Table  12,  yields  the  revised  results  posted  in  Table  13. 

FVom  Table  13,  it  is  clear  that  the  modified  version  of  Golay’s  original  equation  con¬ 
tributes  results  which  are  much  closer  to  the  experimental  and  model  values,  and  it  further 
demonstrates  that  the  theory  proposed  by  Golay  can  be  used  to  predict  the  performance 
of  a  micromachined  GC.  Unfortunately,  the  information  required  to  use  the  modified  Go- 
lay  equation  (i.e.,  the  adsorption  lifetime  and  partition  ratio)  was  unavailable  until  after 
the  MMGC  experimental  evaluations  were  performed.  However,  if  approximate  values 
for  these  variables  are  available,  the  model  can  be  used  to  estimate  the  performance  of  an 
MMGC  column,  while  the  modified  Golay  equation  can  be  used  to  oprimize  future  MMGC 
work  with  respect  to  using  solid  adsorbents  amilar  to  CuPc. 

As  an  example,  using  the  information  from  this  investigation  together  with  the  modi¬ 
fied  Golay  equation  yidds  the  plot  shown  in  figure  114.  FVom  Figure  114  it  is  apparent  that 


Figure  112.  Typical  Histogram  for  the  Time- Domain  Micromachined  Gas  Chromato¬ 
graph  Model  of  MMGC  #2  at  83*C. 

the  optimum  column  hdght  to  use  for  the  conditions  of  this  investigation  is  approodmately 
0.6  microns. 

Summary. 

The  modd  presented  in  this  chapter  is  based  upon  the  parameters  obtained  theo¬ 
retically  and  experimentally.  As  a  angle  molecule  propagates  through  the  column,  it  has 
the  opportunity  to  interact  with  the  stationary  phase,  which  acts  to  retard  its  movement. 
H  a  sufficient  number  of  molecules  are  analyzed  in  the  model,  a  picture  of  the  retention 
time  behavior  emerges,  and  its  behavior  can  be  compared  with  the  actual  experimental 
data.  For  the  cases  modeled  here,  the  retention  times  predicted  by  the  model  closely  cor¬ 
respond  to  the  actual  retention  times.  Additionally,  the  separation  factor  is  an  indicator 
of  the  relationship  between  the  theoretical  predictions,  the  experimental  results,  and  the 
modded  data.  The  modd  also  served  to  illustrate  that  the  assumptions  made  concerning 
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Figure  113.  Retention  Times  for  the  Time-Domain  Gas  Chromatograph  Modd  Compared 
with  the  Experimental  Data. 

the  use  of  a  solid  phase  were  not  entirely  correct,  but  this  problem  can  be  rectified  using 
the  following  information  contributed  by  this  research: 

1.  Diifusivity:  Using  the  heat  of  adsorption,  an  estimate  can  be  made  for  the  diifusivity 
of  the  solid  stationary  phase. 

2.  Effective  Surface  Area:  With  the  size  of  the  CuPc  polycrystallites  obtained  through 
the  transmission  electron  microscopy  studies,  an  estimate  of  the  effective  surface  area 
can  be  made. 

3.  Modified  Golay  Equation:  Combining  the  diifusivity  and  effective  surface  area  with 
the  modified  Golay  equation  provides  a  more  accurate  picture  of  the  MMGC  column’s 
performance. 
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Table  12.  Theoretical,  Experimental,  and  Computed  Model  Values  for  the  Separation 
Factor  (SF). 


1  Temperature  (  ’C) 

Theoretical  SF 

Experimental  SF 

Model  SF 

MMGC  #1:  55  I  63900 

4.4 

9.0 

MMGC  #1:  78  |  62100 

2.3 

9.3 

MMGC  #2:  56 

52000 

2.8 

6.4 

MMGC  #2:  83 

54000 

0.9 

6.2 

Table  13.  Revised  Theoretical,  Experimental,  and  Computed  Model  Values  for  the  Sep¬ 
aration  Factor  (SF). 


Temperacure  (  'C) 

Theoretical  SF 

Experimental  SF 

Model  SF 

MMGC  #1:  55 

1.3 

4.4 

9.C 

MMGC  #1:  78 

3.7 

2.3 

9.3 

MMGC  #2:  56 

1.0 

2.8 

6.4 

MMGC  #2:  83 

3.1 

0.9 

6.2 

Using  the  results  of  this  investigation,  the  fundamental  separation  factor  (SF)  equa¬ 
tion  used  in  deagning  the  nucromachined  gas  chromatograph  can  be  summarized  as  (see 
Equation  8): 


SF  = 


^TSRff 

wher^  ^TSR  pl&te  hdght)  is  defined  by  (see  Equation  73): 


F  (the^effective  surface  ratio)  is  defined  by  (see  Equation  74): 

2xrerher  + 


F  = 


xrcr* 


k  (the  partition  ratio)  is  defined  by  (see  Equation  68): 


(75) 


-  2^  4.  4(H-9fc4-51feV2)  W  .  2A3 

TSR  105(1  +  k)^  D  3{l  +  kf  F^(PDi  ^  ^ 


(77) 


k  -  koexp{-EafkiT) 


(78) 
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Figure  114.  Separation  Factor  (SF)  versus  Zo  for  a  Column  with  CuPc  as  a  Stationary 
Phase.  The  Column  Length  is  0.9  m,  Gas  Viscosity  is  200  /xpoise,  Stationary 
Phase  Thickness  is  0.2  pm,  Column  Width  is  300  pm,  and  the  Input  Pressure 
is  40  pd. 


D  (the  diffudon  coeiRdent)  is  defined  by  (see  Equation  72): 

^  =  (79) 

Di  (the  stationary  phase  diffudon  coeffident)  is  defined  by  (see  Section  7.3): 

Dx  =  (80) 


Vo  (the  carrier  gas  output  vdodty)  is  defined  by  (see  Equation  26): 


Wo 


2PoqL 


(81) 


and  g  (the  plate  height  correction  factor)  is  defined  by  (see  Equation  22): 


The  values  used  in  calculating  the  separation  factor  for  80*C  are  «hown  in  Table  14, 
and  have  been  divided  into  three  major  categories:  physical,  opeiational,  and  experimental. 
The  physical  properties  are  tabulated  in  standard  references  (or  based  on  tabulated  values), 
the  operational  properties  were  chosen  in  the  design  phase,  and  the  experimental  properties 
were  determined  in  this  investigation. 


Table  14.  Physical,  Operational,  and  Experimental  Parameters  Used  tc  Calculate  the 
Separation  Factor  (SF)  at  80*C. 


1  Phycical  Parameters 

Parameter 

Symbol 

Value 

Boltzmann’s  Constant 

1.38  X  10“^^  joules/kelvin 

Helium  Viscosity 

200  /ipoise 

Diffusion  Coefficient 

D 

10“®  m^/sec 

Mean  FYee  Path 

X 

5  X  10-^  m 

AverageMolecular  Velocity 

Vov 

400  m/sec 

1  Operational  Parameters  { 

Parameter 

Symbol 

Value 

Input  Pressure 

Pi 

40  psi 

Output  Pressure 

P, 

1  atmosphere 

Column  Length 

L 

0.9  m 

Column  Width 

Y 

300  ^m 

Column  Height 

2r, 

10  nm 

Temperature 

T 

80'C 

Column  Permeability 

9 

2.6  X  10'  poise/m* 

Correction  Factor 

9 

1.08 

1  Experimental  Parameters  | 

Parameter 

Symbol 

Value 

Heat  of  Adsorption 

E, 

0.38  eV 

Partition  Ratio  Constant 

k. 

4  X  10-“ 

Adsorption  Lifetime 

.  93  sec 

CuPc  Diffusion  Coefficient 

Di 

6  X  10™“'  m'/sec 

Partition  Coefficient 

e 

2400 

Effective  Surface  Area  Ratio 

F 

14 

Crystallite  Radius 

re- 

2007i 

Crystallite  Height 

her 

SomTI 

VIII.  Conclusions  and  Recommendations 


This  research  has  demonstrated  the  nse  of  single-crystal  silicon  micromachining  to 
implement  a  gas  chromatograph  based  upon  a  CuPc  sdid  stationary  phase  which  is  capable 
of  separating  and  detecting  NO3  and  NH3.  Additionally,  valuable  information  concerning 
the  adsorptive  properties  of  CuPc  has  been  revealed  through  the  MMGC  evaluation  phase. 
The  agnificant  accomplishments  ascertained  from  this  research  can  be  discussed  with  re¬ 
spect  to  two  areas:  chemical  sensing  and  micromachining. 

Ir  the  chemical  sensing  area,  the  primary  accomplishment  was  that  which  was  ini¬ 
tially  stated  as  the  objective  of  this  investigation:  the  separation  and  direct  detection  of 
NO2  and  NH3.  The  MMGC  design  evaluated  in  this  effort  was  capable  of  directly  separat¬ 
ing  NO3  and  NH3  at  parts-per-million  concentration  levels  in  less  than  30  minutes  when 
operated  at  80*C.  Relative  to  this  accomplishment,  a  cecondary  discovery  was  th-;  deter  • 
mination  of  the  heat  of  adsorption  of  NO2  (0.38  eV)  on  a  CuPc  thin  film  (2000  A  thick). 
Furthermore,  this  research  served  as  a  proof-of-concept  concerning  the  utilization  of  an 
MMGC  to  investigate  the  adsorptive  properties  of  thin  films.  In  addition,  the  develop¬ 
ment  of  the  time-domain  performance  model  of  the  MMGC  will  facilitate  the  development 
of  future  MMGCs  by  providing  a  tool  which  c?n  estimate  MMGC  performance. 

In  the  micromachining  area,  a  novel  TCD  cell  design  was  implemented.  The  key 
features  of  this  design  relative  to  the  previously  reported  TCD  cell  configurations  (11) 
indude:  a  significantly  reduced  volume  (20  nl — a  50%  improvement  over  previous  designs), 
ease  of  thermistor  insertion,  and  the  ability  to  pass  the  column  efBuent  to  a  second  detector 
(i.e.,  the  chemiresistor).  Also,  a  new  technique  was  devdoped,  enabling  for  the  first  time 
the  deposition  of  a  nearly-homogeneous  solid-phase  thin  film  (2000  A  thick)  within  a 
micromachined  GC  column.  Finally,  although  not  extensively  investigated,  the  ability  to 
perform  relatively  low  temperature  (less  than  300*C)  anodic  bonding  (1800  V  for  24  hours) 
was  demonstrated.  This  process  is  important  because  it  is  compatible  with  thermally- 
sensitive  thin  films  and  other  bulk  materials. 

With  respect  to  recommendations  for  further  work,  improvements  can  be  made  in  the 
column  design  and  detector  configuration  of  the  MMGC.  The  MMGC  column  length  can  be 
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doubled  by  decreasing  the  inter-column  spacing  from  1  mm  to  0.35  mm  without  sacrificing 
yield  (by  fabricating  the  MMGC  in  a  dean-room  environment),  resulting  in  a  doubling 
of  the  separation  factor  (see  Equation  8).  Also,  as  shown  in  Figure  115,  incorporating  a 
chemiresistor  TC  directly  within  a  detector  cell  (using  wafer-scale  integration  techniques) 
sinular  to  the  one  machined  for  the  TCD  would  improve  the  sensitivity  Of  the  chemiresistor 
(posdbly  improving  chemiresistor  sensitivities  to  detect  less  than  500  ppm  concentrations 
of  NHs).  An  integral  heater  (with  controller)  could  also  be  fabricated  using  standard  IC 
fabrication  techniques,  further  redudng  the  requirement  for  external  equipment.  Finally, 
investigations  concerning  the  adsorptive  properties  of  other  thin  films  (in  particular,  other 
metal-doped  phthalocyanines),  udng  the  MMGC  as  a  tool,  would  be  of  dgnificant  value 
to  those  developing  chemical  sensors  based  upon  these  chemically-sensitive  semiconductor 
materials. 
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Appendix  A.  Fabrication  Processes 


This  appendix  describes  the  processes  used  to  fabricate  the  micromachined  gas  chro¬ 
matograph  (when  the  term  “substrate”  is  used,  it  refers  to  either  the  silicon  wafer  or  the 
borosilicat.?  glass  plate). 

A.l  Wafer  Cleaning. 

To  insure  that  each  process  was  initiated  with  substrates  that  were  free  of  any  organic 
contamination  (i.e.,  fingerprints  or  residual  photoresist),  the  substrates  were  cleaned  in  a 
standard  solution  of  H2S04:H202  (3:2)  for  a  period  of  30  minutes.  The  substrates  were 
then  rinsed  in  deionized  water  (DPiV)  with  a  nitrogen  bubbler  until  the  rinse  DIW  attained 
a  resistance  of  greater  than  10  Mfi.  They  were  then  carefully  blown  dry  with  pressurized 
nitrogen. 

A.i  Oxidation. 

Since  certain  processes  required  a  silicon  dioxide  mask  to  protect  areas  of  the  silicon 
wafer  from  the  effects  of  an  etchant,  a  standard  oxidation  profile  was  used  for  all  oxidations. 
This  process  invedved  placing  the  silicon  wafers  into  a  1C50*C  furnace  for  24  hours  with 
a  5  ml/min  flow  of  cxygen  bubbled  through  a  flask  containing  DIW  maintained  at  95*C. 
This  process  yielded  a  silicon  dioxide  layer  which  was  approximately  2.5  nm  thick  (more 
than  suffident  for  the  required  etches  which  consumed  approximately  0.5  /im  of  the  silicon 
dioodde). 

A.S  Photoresist  Deposition. 

Prior  to  photoresist  deposition,  the  substrate  was  baked  in  a  200*C  oven  for  one  hour 
to  improve  photoresist  adhesion  by  evaporating  any  surface  moistur?.  After  cooling  the 
substrate  for  15  minutes,  the  substrate  was  centered  over  a  piece  of  lens  tissue  which 
covered  the  wafer’s  spinner  chuck  (the  lens  tissue  served  to  protect  the  “down”  side  of  the 
substrate  since  both  rides  of  the  substrate  were  processed).  Once  a  vacuum  was  applied  to 
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the  wafer’s  spinner  chuck,  approximately  3  ml  of  photoresist’  was  deposited  in  the  center 
of  the  substrate  with  a  dropper.  The  substrate  was  then  spun  at  3,000  revolutions  per 
minute  (rpm)  for  15  seconds,  thinning  the  photoresist  to  approximately  1.3  microns  (124). 
After  softbaking  at  8o*C  for  approximately  20  minutes  (to  remove  solvents  and  improve 
the  adhesion  of  the  photoresist),  the  substrate  was  ready  for  the  next  process. 

A. 4  Photoresist  Cure. 

Sinne  certain  major  processes  required  a  protective  coating  on  the  entire  surface  of  one 
side  of  a  substrate’,  a  process  was  devdoped  to  expose  and  hardbake  (cure)  a  photoresist 
layer  deposited  on  one  side  of  a  substrate.  The  exposure  source  was  the  internal  ultravidet 
(UV)  source  of  a  mask  aligner^  without  a  mask.  The  substrate  was  positioned  on  the  wafer 
holder  of  the  mask  aligner  and  exposed  for  20  seconds.  This  exposure  was  foUowed  by  a 
20  minute  hardbake  at  140*C. 

A. 5  Photolithographic  Mask  Exposure. 

The  photolithographic  mask  exposure  required  the  use  of  the  mask  aligner^  to  align 
the  existing  features  on  the  substrate  with  the  mask.  Once  aligned,  the  substrate  was 
exposed  with  the  internal  UV  source  for  20  seconds. 

A.6  Photoresist  Development.  - 

The  exposed  photoresist  was  developed  by  spinning  the  substrate  on  a  wafer  spinner 
at  500  rpm  and  spraying  its  surface  with  xylene  lor  30  seconds.  After  development,  the 
substrate  (which  was  still  spinning),  was  sprayed  with  n-butyl  acetate  for  30  seconds  to 
stop  its  development.  Next,  the  wafer  spinner’s  speed  was  ramped  up  to  ^proximately 
3000  rpm  to  remove  the  n-butyl  acetate.  Finally,  the  developed  substrate  was  hardbaked 
for  20  minutes  at  140*C. 

'Wsycoat  HRlOO  negatirc  pholomitt,  Olia  final  Specialty  PiodncU  lac.,  Weal  Patenoa,  NJ. 

*For  cxaiaple,  daring  the  fint  KOfi  etch,  the  front  ^e  of  the  silicon  wafer  was  protected  since  only  the 
bach  SKle  was  etched. 

*lfodd  hf  JB  3,  UV300  Mask  Aligner,  Karl  Sees,  Waterbary  Center,  VT. 

*Model  MJB  3,  UV300  Mask  Aligner,  Karl  Snss,  Waterbary  Center,  VT. 
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A.l  Silicon  Dioxide  Etch. 


The  silicon  dioxide  etching  process  utilized  a  bufTered  hydrofluoric  add  solution  con¬ 
sisting  of  NH^FrHF  (4:1)  at  room  temperature.  The  experimentally  determined  etch  rate 
was  approximately  0.25  A/min,  necessitating  an  etch  time  of  approximately  10  minutes 
to  remove  the  thermally  grown  silicon  dioxide.  After  etching,  the  substrate  was  rinsed  in 
DIW  for  30  minutes. 

A.8  KOH  Etch. 

Fbr  the  first  KOH  etch,  the  entire  wafer  thickness  (a  maximum  of  385  microns) 
was  etched.  A  20%  by  weight  solution  (KOH  in  DIW)  at  50*C  yielded  an  etch  rate  of 
approximately  0.2  /xm/miu  (see  Section  3.1.2).  Etching  for  32  hours  would  etch  through 
the  thickest  wafer  and  consume  only  0.58  microns  of  silicon  dioxide  (at  an  etch  rate  of 
3  A/min — see  Section  3.1.2).  The  second  KOH  etch  was  only  200  microns  deep.  With 
a  fresh  20%  by  weight  solution  (KOH  in  DIW)  at  50*C  resulted  in  an  etching  time  that 
was  approximately  16.7  hours  (consuming  only  0.3  microns  of  silicon  dioxide).  After  each 
KOH  etch,  the  silicon  wafer  was  rinsed  in  DIW  for  30  minutes. 

A.9  Isotropic  Etch. 

The  isotropic  etchant  solution  was  composed  of  HFzHNOsrCHsCOOH  (2:15:5),  which 
yielded  an  etch  rate  of  approximately  5.75  /rm/min  (see  Section  3.1.1).  The  etch  process 
was  conducted  for  95  seconds,  and  it  produced  an  etch  depth  of  approximately  9  microns. 
After  the  isotropic  etch  process,  the  silicon  wafer  was  rinsed  in  DIW  for  30  minutes. 

A.  10  Rinse,  Dry  and  Inspection. 

The  final  step  in  all  of  the  major  processes  involved  rinsing  the  substrate  in  DIW  with 
a  nitrogen  bubbler  until  the  rinse  water  attained  a  resistance  cd'  10  MH.  The  substrates 
were  then  dried  with  a  nitrogen  blower  and  inspected  under  a  binocular  microscope. 


Appendix  B.  Copper  Phthalocyanine  (CuPc)^ 


B.l  Background 

Phthalocyanine  and  the  various  metal  deiivatives  (i.e.,  copper  phthalocyanine)  pos¬ 
sess  favorable  properties  which  has  motivated  their  use  in  a  variety  of  applications,  in¬ 
cluding  catalysts,  colorants,  lasers,  lubricants,  blood  substitutes,  and  color  photography 
(122).  The  phthalocyanines  are  based  on  the  structure  shown  in  Figure  116,  where  the 
substitution  of  different  metals  (e.g.,  copper,  lead,  cobalt,  zinc,  etc.)  in  the  central  portion 
of  the  structure  influences  the  phyrio-chemical  properties  of  the  phthalocyanines.  Table  15 
summarizes  some  of  the  important  chemical  and  physical  properties  of  copper  phthalocya¬ 
nine. 


Table  15.  Chemical  and  Physical  Properties  of  Copper  Phthalocyanine  (43). 


1  Property  ||  Value 

Molecular  Weight 

576.1 

Melting  Point  (  ’C) 

Sublimes 

Sublimation  Point  ( ’C) 

300  (10”^  Torr  Vacuum)  to  500  (1  Atmosphere) 

Density  (grams /ml) 

1.62 

The  large  number  of  applications  and  the  versatility  inherent  in  the  ability  to  substi¬ 
tute  various  metal  ions  in  the  phthalocyanine  molecule  has  motivated  extensive  research 
into  their  chemical,  physical,  and  electrical  properties.  Several  extensive  reviews  and  books 
dedicated  to  collecting  and  summarizing  the  large  body  of  literature  generated  concerning 
the  phthalocyanines  have  been  published  (45, 127-134) .  The  extent  of  this  literature  has 
undoubtedly  contributed  to  the  adoption  of  the  phthalocyanine  materials  as  model  com¬ 
pounds  in  the  study  of  molecular  crystals  and  organic  semiconductors.  Reviews  of  these 
materials  usually  include  some  discussion  of  phthalocyanines  (135-140)  .  One  application 
for  the  phthalocyanine  compounds  which  has  received  increasing  interest  is  their  use  as  the 
chemically-senritive  component  in  gas  microsensors.  This  interest  primarily  stems  from  the 
high  sensitivity  of  thdr  electrical  properties  upon  gas  adsorption,  which  has  been  reviewed 

^This  Appendix  w*8  written  in  conjunction  with  John  M.  Wiseman,  a  principle  investigator  at  AFIT 
concerning  phthalocyanines  on  chemiresistors  directly  conpled  to  field  effect  transistots. 
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that  the  polarizable  electron  cloud  results  in  stronger  van  der  Waals  interactions  with  ad¬ 
sorbate  molecules.  Furthermore,  the  low  ionization  energy  of  these  dectrons  mahes  CuPc 
a  good  electron  donor  (which  favors  charge  transfer  interactions  with  electron  acceptor 
gases)  (45).  A  simplified  energy  band  structure  of  CuPc  (shown  in  figure  118a),  with  an 
overall  bandgap  of  0.89  eV,  reveals  a  trap  level  located  at  approximately  0.37  eV  above  the 
top  edge  of  the  valence  band  (122).  Activation  energy  measurements  made  on  the  phthalo- 
cyanines  show  a  sharp  change  in  the  activation  energy  from  the  lower  (0.37  eV)  value  to  the 
intrinsic  (0.89  eV)  value  for  temperatures  gre\ter  than  110*C  (122, 141).  This  behavior  is 
consistent  with  experimental  observations  made  during  this  investigation,  where  measured 
activation  ener^es  were  approximatdy  0.4  eV  for  temperatures  less  than  90*C. 

When  an  electron  acceptor  gas  (i.e.,  NO3)  is  adsorbed  onto  the  surface  of  a  CuPc 
crystallite  (see  figure  117a),  the  Fermi  energy  level  is  shifted  toward  the  valence  band, 
as  is  shown  in  Figure  118b  (the  activation  energy  of  CuPc  saturated  with  NO2  is  ap¬ 
proximately  0.1  eV),  thus  effectively  providing! more  majority  carriers  (holes  for  a  p-type 
semiconductor)  to  partidpate  in  electronic  conjluction  processes  (45).  The  opposite  effect 
occurs  when  an  electron  donor  gas  (:.e.,  NH3)  is  ^s'^rbed  onto  the  surface  (see  Figures  117b 

I 

and  118c).  Since  the  bandgap  for  CuPc  saturat^  with  NH3  is  approximately  1.01  eV,  elec¬ 
tron  donor  gas  adsorption  serves  to  effectively  reduce  the  number  of  majority  carriers  which 
can  partidpate  in  electronic  conduction  procesros  (45).  Eased  upon  these  responses,  along 
with  supporting  Hall  measurements,  CuPc  hasj  been  dasdfied  as  a  p-type  semiconductor 
(43,45,122). 

B.S  Qualitative  CuPc  Thin  Film  Chamcterization 

Because  of  its  use  as  a  chemically-sensitive  membrane  for  strong  electron  acceptor 
gases,  CuPc  thin  films  have  been  successfully  deposited  and  studied  in  the  AFIT  labora¬ 
tories  for  a  number  of  years,  using  the  technique  described  in  Section  5.3.1.  f>om  these 
studies,  a  2000  A  CuPc  film  thickness  was  identified  to  balance  the  opposing  require¬ 
ments  for  sensitivity  (thicker  films)  and  reversibility  (thinner  films)  of  the  chemiresistor 
(117,  121).  Also,  three  techniques  (infrared  spectroscopy,  scanning  electron  microscopy, 
and  transmission  electron  microscopy)  were  used  to  examine  the  CuPc  films  used  in  this 
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Figure  117.  Proposed  Interactions  Between  Adsorbed  Gases  and  Copper  Phthalocyanine 
for  (a)  Nitrogen  Dioxide  and  (b)  Amnaonia.  The  Arrows  Denote  the  Transfer 
of  Electrons. 

investigation  in  order  to  qualitatively  establish  that  they  were  comparable  to  the  CuPc 
thin  films  used  in  other  investigations. 

B.2.1  Infrared  Spectra.  The  structure  and  morphology  of  the  phthalocyanines  and 
their  gas  adsorption  properties  have  been  studied  by  infrared  spectroscopy  (45, 122).  The 
published  spectrum  for  alpha-phase  CuPc^  is  shown  in  Figure  119  (142). 

The  experimental  CuPc  samples  prepared  for  the  infrared  spectroscopy  study  were 
deposited  in  the  standard  manner  (see  Section  5.3.1)  onto  sodium  chloride  substrates  (IR 
‘Vindows”).  The  thickness  was  increased  to  approximately  7000  A  (3500  A  per  side)  to 
improve  the  resolution  of  the  infrared  spectra.  The  spectrum  in  Figure  119  was  generated 
from  a  CuPc  thin  film  deposited  on  a  potassium  bromide  substrate — which  has  a  broader 
infrared  transmission  bandwidth  (from  less  than  200  cm”*  to  greater  than  4000  cm”*)  com¬ 
pared  to  sodium  chloride  (from  approximately  800  cm”*  to  greater  than  4000  cm”*).  The 

*Tlie  alphsi-pliase  form  of  CaPe  was  used  in  this  investigation  nnce  it  is  the  morphology  which  grows 
nnder  the  low  temperatnre  deposition  process  used  in  this  investigation. 
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i;ifrared  transmission^  for  the  blank  sodium  chloride  substrate  used  in  this  investigation  is 
shown  in  Figure  120,  and  it  displays  this  reduced  bandwidth. 

Considering  the  low-order  cutoff  wave  number  (800  cm"*)  for  the  sodium  chloride 
substrates,  the  infrared  spectra  for  two  experimentally  deposited  CuPc  thin  films  (6600  A 
and  7700  A  thick)  have  a  comparable  structure  to  the  published  spectnim  in  the  800  to 
4000  cm"*  range  (comparing  Figures  121  and  122  with  Figure  119).  A  normalized  peak 
comparison  for  several  of  the  critical  features  also  displays  the  similarity  between  the 
experimentally  deposited  CuPc  thin  films  and  the  published  spectrum  (see  Figure  123). 

Additionally,  to  verify  NO2  adsorption,  the  sample  was  subjected  at  room  temper¬ 
ature  tc  an  ambieni  containing  a  770  ppm  NO2  challenge  gas  concentration  for  approx¬ 
imately  46  hours.  This  concentration  and  exposure  time  was  based  upon  the  estimated 
4  X  10*®  molecule  capacity  of  the  two  infra^-ed  sat'.p'cE'  (see  Section  4.1.2.2).  In  order 
to  insure  saturation,  the  sample  was  exposed  to  a  number  of  challenge  gas  molecules  ap¬ 
proximately  5  orders  of  magnitude  greater  than  the  sample  capacity  (number  of  ch^enge 
gas  molecules  that  can  be  adsorbed).  Using  this  NO2  concentration  limit  iu  the  flowrate 
relationship  in  Section  4.2.1,  a  770  ppm  NO2  concentration  exposure  for  46  hours  yidded 
approximately  10^  molecules  of  NO2  at  STP.  The  resulting  infrared  spectrum  for  this 
exposure  is  shown  in  figure  124.  It  is  apparent  that  a  significant  reduction  in  infrared 
transmission  occurs  over  the  entire  band  when  this  spectnim  is  compared  with  that  in 
Figure  121.  Additionally,  at  least  four  new  peaks  are  evident  (located  at  830, 1040, 1780, 
and  2000  cm"*). 

Subsequent  purpng  of  the  sample  at  150*C  for  1.5  hours  in  nitrogen  resulted  in  a 
spectrum  which  contained  most  of  the  pre-exposed  features,  with  the  exception  of  the 
1360  cm"*  peak  (see  Figure  125).  This  behavior  indicates  that  NO2  is  only  partially  (al¬ 
though  significantly)  desorbed  from  a  CuPc  sample  under  these  test  conditions  (which, 
admittedly,  were  extreme).  Entrapment  of  NO2  in  the  bulk  of  the  CuPc  thin  film  is  hy¬ 
pothesized  as  a  significant  factor  for  the  irreversible  adsorption  behavior  (45).  Since  the 
challenge  gas  concentrations  and  exposure  times  for  the  MMGC  and  the  chemiresistor  were 

*  Using  m  Model  683  Infrared  Spectraphotometer,  Perkin- Elmer,  Garden  Grove,  CA. 

*Apptoximately  3500  A  deposited  upon  each  nde  of  the  one-inch  diameter  sodium  chloride  substrates. 
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much  less  than  those  which  the  infrsu-ed  sample  was  subjected  to,  essentially  complete  re¬ 
versibility  was  anticipated  with  an  elevated  temperature  purge.  A  normalized  IR  spectrum 
peak  comparison  between  the  pre-exposed,  NOa  exposed,  and  elevated  temperature  purged 
spectra  is  shown  in  figure  126. 

A  similar  procedure  on  a  fresh,  7700  A  thick,  CuPc  sample  was  investigated  to 
determine  if  NH3  adsorption  was  detectable  using  infrared  spectroscopy.  Unfortunately,  the 
results  were  not  as  dramatic  as  those  for  NO3.  Figure  122  shows  the  infrared  spectrum  for 
the  pre-exposed  7700  A  thick  CuPc  sample  used  in  this  experiment,  and  Figure  127  shows 
the  spectrum  after  this  sample  was  exposed  to  a  3700  ppm  NH3  challenge  gas  concentration 
for  approximately  3  hours  (which  resulted  in  approximately  the  same  number  of  challenge 
gas  molecules  as  in  the  NOa  test — 10*°  mcJecules). 

f^om  Figures  122  and  127,  it  appears  that  there  was  no  significant  change  in  the 
infrared  spectrum.  Subsequent  purging  at  150*C  for  1.5  hours  (see  Figure  128)  yielded 
essentially  the  same  spectrum  as  that  which  appears  in  Figures  122  and  127,  indicating 
that  either  the  adsorbed  NH3  was  rapidly  desorbed  as  the  sample  was  transput  ted  from 
the  challenge  gas  exposure  chamber  to  the  Infrared  spectrometer  (located  in  a  separate 
building),  or  that  NH3  adsorption  does  not  cause  dramatic  changes  in  the  infrared  spectrum 
of  CuPc.  The  normalized  IR  spectrum  peak  comparison  shown  in  Figure  129  confirms  the 
absence  of  a  rignificant  change. 

Although  the  NH3  spectra  were  not  conclusive  for  verifying  the  adsorption  of  NH3  on 
CuPc,  the  infrared  spectra  as  a  whde  did  demonstrate  and  verify  several  important  aspects 
of  this  research.  First,  the  experimentally  deposited  CuPc  thin  films  have  comparable 
infrared  characteritrics  to  the  standard  reference  CuPc  films  (on  a  potassium  bromide 
substrate)  (142).  Second,  NOa  adsorption  on  CuPc  does  take  place.  Third,  elevated 
temperature  purges  fadlitate  the  desorption  of  NOa  from  CuPc. 

B.2.2  Scanning  Electron  Microscopy.  Scanning  Electron  Microscopy  (SEM)  was 
used  to  verify  the  morphology  ov  the  deposited  CuPc  films  during  the  fabrication  phase 
(see  Section  5.3.1).  FVom  the  micrographs  presented  in  Section  5.3.1,  it  is  apparent  that 
the  CuPc  crystallites  form  a  columnar  structure  that  is  relatively  uniform  over  the  scale  of. 
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the  micromachined  column.  To  further  verify  the  quality  of  the  experimentally  deposited 
CuPc  films,  one  final  set  of  analytical  tocJs  was  used:  transmission  electron  microscopy 
and  transmission  electron  diffraction. 

B.2.S  Transmission  Electron  Microscopy  (TEM)  and  Transmission  Electron  Diffrac¬ 
tion  (TED).  To  lend  further  support  to  ^aracterize  the  CuPc  thin  films  used  in  this  in¬ 
vestigation,  and  to  provide  information  concerning  crystallite  size,  transmission  electron 
microscopy^  (TEM)  was  conducted  on  CuPc  thin  films  evaporated  onto  a  carbon  grid  using 
the  technique  described  in  Section  5.3.1.  Figure  130  shows  the  polycrystalline  nature  of  the 
sublimed  CuPc  thin  films.  From  this  micrograph,  it  is  apparent  that  the  film  is  composed 
of  a  conglomeration  of  crystallites  which  have  a  300  A  approximate  average  radius. 

A  transmission  electron  diffraction  (TED)  micrograph  was  also  talcen  and  compared 
with  reported  values.  The  results  are  shown  in  Figure  131  and  Table  16.  Based  on  the 
favorable  correspondence  between  the  reported  and  actual  spacings  of  the  diffraction  rings, 
along  with  the  infrared  spectroscopy  data,  it  was  concluded  that  polycrystalline  high  purity 
CuPc  thin  films  could  be  deposited  using  the  technique  described  in  Section  5.3.1. 

Table  16.  Calculated  and  Experimental  Values  for  Copper  Phthalocyanine  Crystal  Plane 
Spadngs. 


Miller  Index 

Reported  Sparing  (143) 

(A) 

Experimental  Spacing 

(A) 

Error 

(%) 

(200) 

12.96 

12.96 

0 

(002) 

11.96 

11.94 

0.2 

(202) 

8.76 

8.96 

-2.3 

(400) 

6.48 

6.55 

-1.1 

(004) 

5.98 

5.97 

0.2 

(402) 

5.68 

5.59 

1.6 

(600) 

4.32 

4.35 

-0.7 

*Uaing  a  Model  2000FX  'IVaiMiniarioii  Electros  Microecope,  Jeol  USA  Incorporated,  Peabody,  MA. 
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B.S  Summary. 

This  appendix  presented  an  abbreviated  tutorial  concerning  CuPc,  including  a  de¬ 
scription  of  the  effects  of  its  structure  on  gas  adsorption.  Additionally,  two  separate  studies 
were  conducted  to  verify  the  purity  and  composition  of  the  CuPc  films.  The  infrared  study 
confirmed  the  chemical  composition  of  the  CuPc  films,  and  the  fact  that  NO2  could  be 
reversibly  adsorbed.  The  TEM  and  TED  studies  provided  additional,  independent  support 
concerning  the  composition  of  the  film  and  the  size  of  the  CuPc  crystallites. 


Figure  118.  Simplified  Energy  Band  Structure  cf  a  Copper  Pbthalocyanine  Polycrystal* 
lite  p-  Type  Semiconductor  (a)  in  Vacuo,  (b)  Saturated  with  NOa,  and  (c) 
Saturated  with  NH3  (43,  45, 1^). 
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Figure  120.  In&ared  Spectrum  for  a  Sodium  Chloride  IR  Substral 
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Figure  121.  Infrared  Spectrum  for  the  6600  A  Thick  Copper  Pl|thalocyanine  Thin  Film  Sublimed  onto  a  Sodium  Chloride 
Substrate. 


Infrared  Spectrum  for  the  7700  A  Thick  Copper  Phthalocyanine  Thin  Film  Sublimed  onto  a  Sodium  Chloride 
Substrate. 
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Figure  123.  Infrared  Absorption  Peaks  from  the  Spectra  for  the  6600  A  and  7700  A  Thick, 
Experimentally  Deposited  Thin  Films  of  Copper  Phthalocyanine  Compared 
to  Reported  Peaks  (Nomalized  with  Respect  to  the  1120  cm~^  Peak)  (142). 


Figure  125.  Infrared  Spectrum  for  the  6600  A  Thick  Copper  Phthalocyanine  Thin  Film  Sublimed  onto  a  Sodium  Chloride 
Substrate  2dter  Exposure  to  770  ppm  NO2  for  46  hours  and  Subsequent  Purging  at  150*C  in  a  Nitrogen 
Ambient  for  1.5  hours. 
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Figure  127.  Infrared  Spectrum  for  the  7700  A  Thick  Copper  Phthalocyanine  Thin  Film  Sublimed  onto  a  Sodium  Chloride 
Substrate  after  Exposure  to  3700  ppm  NH3  for  3  hours. 
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Figure  131.  FSectron  Diffraction  Pattern  for  a  500  A  Thick  Copper  Phthalocyanine  Thin 
Film  Sublimed  onto  r  Carbon  Grid. 
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Appendix  C.  Experimental  Characterization  of  the  Adsorption  Effects  o/NOj  on 
the  Electrical  Conductivity  of  Copper  Phthalocyanine 

In  order  to  model  the  interaction  between  NO3  and  the  solid  phase  CuPc  thin  film 
used  in  the  MMGC* ,  it  was  necessary  to  develop  a  more  fundamental  model  for  the  elec¬ 
tronic  effects  of  NO3  adsorption  on  the  chemiresistor.  To  accomplish  this  objective,  exper¬ 
imental  values  for  the  adsorption  lifetime  and  probability  of  adsorption  were  determined 
by  fitting  the  chemiresistor’s  response  data  to  a  resistance  modd  of  the  chemiresistor. 

C.l  Langmuir  Adsorption. 

The  basis  for  the  chemiresistor  model  is  the  Langmuir  adsorption  theory.  Basically, 
Langmuir  assumed  that  adsorpi  on  onto  a  solid  surface  occurred  at  a  rate  proportional  to 
the  uncovered  surface,  and  stopped  once  monolayer  coverage  was  attained.  This  phenom¬ 
ena  can  be  represented  by  the  following  differential  equation  (144): 

^  =  oi>(i-e)-^e  (83) 

where  6  is  the  normalized  surface  coverage,  P  is  the  gas  pressure,  a  represents  the  number 
of  gas  molecules  arriving  at  the  solid  surface  per  unit  pressure,  and  /?  represents  the  number 
of  adsorbed  gas  molecules  leaving  the  solid  surface.  The  quantity,  aP{l  —  6),  represents 
the  rate  at  which  gas  molecules  are  adsorbed,  while  the  quantity,  /16,  represents  the  rate  at 
which  the  adsorbed  gas  molecules  are  desorbed.  For  NO3  adsorption  on  CuPc,  Langmuir’s 
theory  will  be  modified  to  taJee  into  account  the  assumption  that  only  a  portion  of  the 
adsorbed  NO3  molecules  are  bound  strongly  enough  to  affect  the  electrical  conductivity 
of  the  CuPc  film.  This  adsorption  ratio,  Or,  is  multiplied  by  the  surface  coverage  in 
Equation  83,  yielding: 

de 

^  =  aP{l  -  OrQ)  -  PorQ  (84) 

‘Since  the  chemireaittoi  wm  eenstive  to  NHj  concentrations  giester  than  the  estimated  capacity  of  the 
column,  salid  adsorption  data  ^as  obtained  only  for  NOj.  Thus,  the  model  was  developed  solely  for  NOj. 
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Solving  IDquation  84  for  6  (by  simply  integrating  the  reciprocal  of  the  right-hand 
side  and  applying  the  boundary  condition  that  6  =  0  at  t  =  0),  yields: 


where  a  and  /?  are  further  defined  by  (144): 


y/2KMkT 


0  =  vexpi-Ea,%T).  (87) 

In  Equations  86  and  87,  k  is  the  sticking  probability  for  a  given  molecule  striking  the 
solid  surface,  s  is  the  effective  surface  area  of  the  gas  molecule,  ^  is  Boltzmann’s  constant, 
T  is  the  absolute  temperature,  M  is  the  mass  of  the  gas  molecule,  l/v  is  the  adsorption 

I 

lifetime  constant,  and  Ea  is  the  adsorption  energy  (obtained  from  the  MMGC  data).  These 
values  (in  particular,  n  and  v)  are  essential  for  modeling  the  adsorption  processes  in  the 
MMGC.  i 


C.S  Chemiresistor  Electrical  Impedance, 

Unfortunately,  the  preceding  model  could  be  used  directly  only  if  there  were  wme  way 
of  determining  the  surface  coverage.  Since  the  only  information  available  is  the  chemire- 
sistor’s  electrical  impedance  as  a  function  of  time,  the  Langmuir  model  must  be  modified 
to  account  for  the  electrical  resistance  change  upon  gas  adsorption.  This  objective  can 
be  accomplished  by  assuming  that  the  two-terminal,  macroscopic  resistance  between  the 
driven  and  reference  electrodes  of  the  chemireristor  is  comprised  of  multiple,  independent 
filamentary  paths  (see  Figure  132).  Each  of  these  filamentary  paths  bang  further  com¬ 
posed  of  identical  one-dimenrional  distributed  resistors,  where  each  distributed  resistor 
can  e»st  in  only  one  of  two  states  (corresponding  to  either  the  purged  or  NO2  adsorbed 
states).  If  the  total  number  of  "redstors”  along  any  filamentary  path  is  N,  the  overall 


205 


resistance  of  the  chemiresistor  (by  normalizing  the  p2Lrallel  contribution  by  treating  each 
filament  as  identical),  is  given  by: 


Figure  132.  Resistive  Filaments  in  the  Chemiresistor’s  Electrical  Impedance  Model. 

Na  N-Na 

itic^'ERA+  E  Rp  _  (88) 

(sl  isl 

where  Na  is  the  number  of  "resistors”  with  NO3  adsorbed,  Ra  is  the  resistance  of  a 
"resistor”  with  NO3  adsorbed,  and  Rp  is  the  resistance  of  a  "resistor”  which  has  no  gas 
spades  adsorbed  (the  purged  state).  Since  Ra  and  Rp  are  assumed  to  be  constant  values 
(identical  distributed  resistor  elements).  Equation  88  can  be  reduced  to: 

Rtc  =  NaRa  +  (JV  -  Na)Rp  =  Na{Ra  -  Rp)  +  NRp.  (89) 

If  Equation  89  is  normalized  with  respect  to  N,  it  becomes: 
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Rr^m  =  Q{RA-Rp)VRp 


(90) 


where  6  =  N^IN  (which  is  a  metric  for  the  normalized  surface  coverage)  is  pven  by 
Equation  85.  Combining  Equations  85  and  90  yields: 

Jt^  =  Kp  +  -  exp[-.^(oif +  (91) 

wbiCh  is  a  non-rnear  equation  with  six  parameters  (Rp,  Ra,  a,  F,  Or,  and  /3)  that  correlates 
time  with  the  chemiresistor’s  electrical  impedance. 

A  series  of  experiments,  similar  to  the  chemiresistor  evaluation  reported  in  Sec¬ 
tion  6.3,  was  performed  to  obtain  data  which  could  be  analyzed  with  Equation  91.  The 
only  major  difference  in  the  test  protocol  involved  the  removal  of  the  sample  injection 
system.  Since  the  chemiresistor  had  to  be  exposed  to  a  continuous  concentration  of  the 
NO]  challenge  gas,  the  sample  injection  system  was  replaced  with  a  simple  manual  valve. 
Three  concentrations  (100  ppb,  200  ppb,  and  400  ppb)  were  tested  for  three  exposure  trials 
(each  approximatdy  20  min  in  duration).  Utilization  of  the  reduced  concentrations  were 
necessary  because  the  challenge  gas  was  no  longer  a  pulse  generated  by  the  sample  injector. 

C.S  Parameters. 

Non-linear  least-squares  curve  fits  u^ng  Equation  91  (the  program  is  included  in 
Appendix  E)  yielded  an  a  of  3.84  x  10~^  (ppb  •  min)"*,  a  /?  of  1.25  (min)"*,  and  an  Or  of 
approximately  10  percent.  Uang  Equations  86  and  87,  k  is  2.9  x  10~’  and  P  is  2900  sec~^. 
This  information  was  then  used  in  Section  7.1  to  implement  the  MMGC  model. 

C.4  Current  Respond. 

As  a  dde  note,  the  10  percent  Or  was  used  to  determine  if  the  number  of  majority 
carriers  (holes  for  a  p-type  semiconductor)  generated  by  the  NOj  challenge  gas  exposure 
was  on  the  order  of  the  change  in  the  current  of  the  chemiresistor  observed  during  the 
MMGC  evaluations.  If  the  magnitude  of  the  current  change.  A/,  is  assumed  to  be  caused 
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entirely  by  the  additional  carriers  created  by  NOj  “doping”  (see  Figure  118),  the  following 
expression  can  be  used  to  predict  the  v’alue  of  A/  (89): 

V 

A/  =  qucondh—vitT}  (92) 

where  q  is  the  fundamental  unit  of  charge  for  an  electron,  ncone  is  the  effective  NO3 
concentration  (electron  acceptors  that  enhance  the  effective  concentration  of  mobile  holes), 
fXp  is  the  hole  mobility  in  CuPc,  V  is  the  voltage  applied  to  the  chemiresistor,  s  is  the 
interelectrode  spacing,  is  the  effective  width  of  the  chemiresistor  (see  Equation  50),  and 
T]  is  the  CuPc  film’s  thickness.  With  the  exception  of  nco„e,  all  of  these  variables  other 
have  published  values,  or  have  values  which  are  easily  determined  from  the  chemiresistor 
design. 

In  order  to  establish  a  reasonable  value  for  nc^ne,  it  is  necessary  to  make  several 
assumptions.  First,  the  total  number  of  NO3  molecules  which  could  contribute  to  ncone  is 
a  fraction  of  the  number  of  helium  mdecules,  n^,  which  are  within  one  mean  free  path  (A) 
of  the  active  area  (tujs)  of  the  chemi resistor’s  CuPc-  coated  surface*  (see  Figure  133)..  The 
value  of  this  fraction  is  given  by:  n/^AweS.  Second,  this  fraction  is  based  upon  the  effective 
probability  of  adsorption,  <!,«,  and  the  reduced®  NOj  injected  concentration,  *concV;oop/»pc. 
Thus,  the  value  of  ncone  can  be  estimated  from  the  following  relationship: 


neoneV}t»Tj  =  n^Au>tS 


Vpc 


(93) 


which  r. 'duces  to: 


•*eenc  — 


OrK 


_ 


n^A 


(94) 


where  n,  the  sticking  probability,  and  a,,  the  adsorpUon  ratio  are  ^ven  in  Section  C.3, 
Vge  is  the  total  volume  of  the  MMCC  (both  the  column  and  the  chemiresistor’s  cavity — 
approximately  70  /rl)  ?Voop  is  the  vdume  of  the  sample  loop  (10  /il),  n;^  Is  defined  by 


‘The  actiye  u«a  is  simply  the  product  of  the  effective  width  of  the  chemiresistor  ud  the  length  of  the 
chemiresistor  (the  interelectrode  spsdng). 

*The  injected  concentration,  •«»«,  is  reduced  by  the  ratio  of  the  sample  loop  volume,  vioap,  to  the 
increased  volume  associated  with  the  MMGC  column  and  the  chemiresistor  cavity, 
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Figure  133.  Active  (shaded)  Area  of  the  Interdigltated  Chemiresistor  Mapped  into  a  Con¬ 
tinuous  Chemiresistor  of  Width,  tu*,  and  Length,  a.  The  Edge  View  Depicts 
the  Vdume  of  Gas  Within  One  Mean  Free  Path,  A,  of  the  Active  Area  of  the 
„  Chemiresistor. 

Equation  70,  A  is  defined  by  Equation  71,  and  icone  is  the  injected  concentration  (in  the 
sample  loop). 

Combining  Equations  92  and  94  along  v/ith  (ij,  =  0.2  cm*/(Volt  •  sec)  (129)  and  an 
ieone  of  75  ppm,  yields  a  AI  value  of  apprcodmately  3  pA,  which  corresponds  well  with  the 
1  pA  to  3.5  pA  values  experimentally  observed  (see  Appendix  I). 


Appendix  D.  Micromachined  Gas  Chromatograph  Model  Program 


The  following  computer  program  implements  the  MMGC  model  discussed  in  Chap¬ 
ter  7  using  the  Turbo  Pascal  programming  language  (145).  This  program  is  divided  into 
three  functional  areas.  The  first  functional  area  consists  of  variable  declarations,  the  sec¬ 
ond  functional  area  consists  of  subroutine  declarations,  and  the  third  functional  area  is  the 
main  program.  Figure  134  depicts  the  lo^cal  flow  of  the  main  program.  In  the  initialize 
subroutine,  a  random  starting  locaUon  is  chosen  for  the  simulated  molecule.  The  move  sub¬ 
routine  takes  into  account  diffusion  and  lon^tudinal  flow  in  calculating  the  current  position 
of  the  simulated  molecule.  If  the  location  of  the  mdecule  is  at  the  boundary  (where  the 
stationary  phase  is  located),  the  at  ioimdary  check  increments  the  time  variable  using 
the  adsorb  subroutine.  Finally,  the  lon^tudinal  location  cf  the  molecule  is  checked  (x>L) 
to  determine  if  it  is  sdll  in  the  column.  If  the  mdecule  is  still  in  the  column,  the  entire 
process  is  repeated.  Each  of  the  components  of  the  main  program  are  described  in  greater 
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detail  in  the  following  sections.  | 


Figure  134.  Logical  Flow  of  the  Computer  Program  for  the  Micromachined  Gas  Chro¬ 
matograph  Model. 
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D.l  Variable  Declarations. 

The  real  (floating-point)  variables  are  listed  alphabetically  with  a  short  description. 
The  actual  program  code  is  presented  with  a  distinctive  typeface  (i.e.,  program  GCModel) 
to  set  it  apart  from  the  explanatory  remarks. 

program  GCHodel; 

UBtts  crt.dos; 

var 

coll,  {NOQ  Collision  Frequency} 

d,  {Diffusion  Distance  per  Time  Interval} 

dc,  {Diffusion  Constant  (N02  in  Helium)} 

k ,  {Boltanann ' s  Constant} 

L .  {Column  Length} 

mfp,  {Kean  Free  Path  (N02  in  Helium)} 

mhe,  {Mass  of  Helium  Molecule} 

mno2,  {Mass  of  N02  Molecule} 

ffltbc,  {Mean  Time  Between  Collisions} 

nconc,  {Helitm  Density} 

no2surf ,  {N02  Surface  Area} 

nu,  {Experimental  Lifetime  Constant} 

pav,  {Average  Pressure} 

pin,  {Input  Pressure} 

po,  {Output  Pressure} 

prob,  {Individual  Collision  Sticking  Probability} 

ps,  {Present  Time  in  Seconds  (used  for  run-time)} 

q,  {Column  Permeability} 

R,  {Gas  Constant} 

she,  {Helium  Collisional  Diameter} 

sno2,  {N02  Collisional  Diameter} 

sqrpipo,  {Pre  Calculated  Constant — (pin/po)'‘2} 

stick,  {Total  Sticking  Probability  in  One  Time  Interval} 

t,  {Time  Variable} 

temp ,  {Temperature} 

ti ,  {Time  Interval} 

to,  {Average  Adsorbed  Lifetime} 

vav,  {Average  Velocity  of  N02  in  Helium} 

vise,  {Helium  Viscosity} 

VO,  {Output  Velocity} 

V,  {Column  Width} 

X,  {x-Position  Variable  for  Molecule  Location} 

y,  {y-Posltion  Variable  for  Molecule  Location} 

z,  {z-Position  Variable  for  Molecule  Location} 

zo  {Column  Half-Height} 
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:  single; 

i.j .nunits: integer;  {Iteration  Variables} 

rt : array [0. .512]  of  single;  {Retention  Tima  Array} 
f name, ccamnents: string;  {Filename  and  Ccaaments} 

ofile:tezt;  {Output  File  Variable} 

h,m,s,slOO:uord;  {Used  to  Access  System  Tima} 

Although  not  strictly  necessary,  the  following  arrays  are  augmented  with  the  values 
indicated  when  the  program  is  executed  to  improve  the  performance  of  the  mod^  (in  terms 
of  computational  time)  by  a  factor  of  ten. 


{The  follosing  tables  are  used  to  reduce  computational  time.} 
cosarzpi,  {Cosine  Lookup  Table:  0  to  Pi} 
sinarrpi.  {Sine  Lookup  Table:  0  to  Pi} 
cosarzpi2,  {Cosine  Lookup  Table:  0  to  2Pi} 
sinarrpi2  {Sine  Lookup  Table:  0  to  2Pi} 

: array [0. .255]  of  single; 


{Ibe  folloeing  variables  are  used  to  implement  the 
random  number  generation  routines  from 
"Numerical  Reclples  in  C"} 

RanOY:  single; 
ri: Integer; 

RanOV:  array  C1..97]  of  single; 

Gasdeviset:  integer; 

GasdevGset:  real; 


D.2  Subroutine  Declarations, 

The  first  two  subroutines  (ranO  and  gasdev)  generate  uniform  and  gaussian  random 
number  distributions,  respectively.  Both  subroutines  were  borrowed  from  the  Numerical 
Recipes  in  Pascal  disk  (146).  The  uniform  distribution  is  used  in  the  random  molecular 
movement  calculations,  and  the  gaussian  distribution  is  used  to  generate  an  adsorbed 
lifetime  based  upon  the  average  adsorbed  lifetime. 


function  ranOCvar  idum:  integer):  single; 
var 

dum:  real; 
j:  integer; 
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begin 

if  idun  <  0  then  begin 

{RandSeed  :■  -idim:}Randoaize; 
idum  :*•  1; 
for  j  ;■  1  to  97  do 
dum  :•  Random; 
for  j  :■  1  to  97  do 
RanOVCj]  :■  Random; 

RanOY  :■  Rand^s; 

end; 

j  :■  l*trunc(97.0*Ran0Y); 

if  (j  >  97)  OR  (j  <  1)  then  begin 

ri^eat  j;«l4trunc(97.0*Rand(an);  until  ((j<98)  and  (j>0)); 

end; 

RanOY  RanOVCj]; 

ranO  :■  RanOY; 

RanOVCj]  :■  Random 
end; 

function  gasdevCTar  idun:  integer):  real; 
var 

fac,r,vl,T2:  real; 
begin 

if  Gasdeviset  •  0  then  begin 
repeat 

▼1  :■  2.0*ran0(idum)*'1.0; 
v2  :■  2.0*ran0(id\im)-i.0; 
r  :■  8qr(Tl)+8qr(v2) ; 
until  (r  <  1.0)  and  (r  >  0.0); 
fac  :■  8qrt(-2.0*ln(r)/r); 

GaadevGset  :■  viefac; 
gasdev  :<■  ▼2*fac; 

Gasdevlset  :«  1 

end 

el8e  begin 

GasdevZaet  :*  0; 
gasder  :•  GaadevGset; 

end 

end; 


The  following  subroutines  were  used  to  perform  the  basic  conversions  or  calculations 
as  required  (see  Chapter  2). 


(e********Unit  Conversions**********) 
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{Converts  PSI  to  Pascals} 
function  psi2pa(psl:single) tsingle; 
begin 

p8i2pa:"psie6.89SE03; 
end; 

{Converts  Atmospheres  to  Pascals} 
function  atm2pa(atm:Bingle):8ingle: 
begin 

atm2pa:«atB*l .013E0S; 
and; 

(eeeeeeevevBasic  Functions**********) 

{Permeability  of  Round  Coliunn} 
function  qround(ro, vise: 8 ingle) tsingle; 
begin 

qround:*8*vi8c/(ro*ro) ; 
and; 

{Pazmeability  of  KMGC  Column} 
function  qt8r(zo,vi8c:slngle) tsingla; 
bagin 

qt8r;«3*v.’  sc/ (20*20) ; 
and; 

{Column  Output  Velocity} 

^o,  pin  in  pascals,  q  in  poise,  L  in  maters} 
function  Vout(pin,po,L,q:8ingle):8ingle; 
begin 

Vout : ■< 10* (nin*pin-po*po) / (2*po*q*L) ) ; 
and; 

{Velocity  at  point  z  in  column} 
function  Vz(z: single): single; 
var  zl: single; 
bagin 
zl:"z/L; 

vz : ■vo/sqrt (sqrpipo* (l-zL)*zL) ; 
and; 

The  subroutines  Move,  Diffuse,  AtBoundary,  and  Adsorb  form  the  core  of  the  model. 
Movement  of  NO2  molecules  is  controlled  by  Move,  which  takes  into  account  the  velocity 


^  I 


‘  / 
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of  the  carrier  gas  (x-direction)  and  diffusion  (x-,  y-,  and  z-directions).  Diffusion  is  further 
controlled  by  Diffuse  which  selects  a  random  location  on  a  sphere  which  is  one  diffusion 
length  (a  radius)  away  from  the  present  location.  AtBoundary  checks  to  see  if  the  NO2 
molecule  is  at  one  of  the  column  boundaries,  and  therefore,  susceptible  to  adsorption. 
Finally,  Adsorb  increments  the  time  variable  for  an  adsorbed  NO3  mdecule. 


procedure  DiffuseCvar  z, 7, z: single); 

▼ar 

rth.rph tbyte; 
sinrph: single; 
begin 

rth : ■trunc (ranO (ri ) *255) ; 
rph:Btrunc(ranO(ri)e255) ; 
sinrph : ■sinarrpi [rph] ; 

X :  ■cosarrPi2  [rth]  *slnrph-(  z ; 

7 : ■sinarrPi2 [rth] esiniph+y ; 
z : ■cosarrpi [zph] *z ; 
end; 

procedure  Nove(var  z, y,z,t: single) ; 
begin 

z:»z+vz(z)*ti; 

DiffuseCz.y.z); 

t;»t+ti; 

and; 

function  AtBoundary (var  z,y,z:single) tboulean; 
begin 

AtBoundary : af alse ; 

if  y>BH  thuii  begin  y:*¥;  AtBoundary: •true;  ezit;  end; 
if  y<B0  then  begin  y:«0;  AtBoundary: ■true;  ezit;  end; 
if  z>»2*zo  than  begin  z:"2*zo;  AtBoundary: ■true;  ezit;  end; 
if  z<^0  then  begin  z:^0;  AtBoundary: ■true;  ezit;  end; 
and; 

procedure  AdsorbCvar  t:single); 
begin 

if  ranO(ri)<stick  then  t:^t-*^abs(gasdeT(ri)*t0e0.5-*'t0); 
end; 


The  following  subroutines  perform  various  initialization  and  input/output  functions. 
The  lookup  table  is  initialized  by  InltLookup,  and  InitVariables  initializes  the  various 
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values  used  by  the  model  (see  the  equations  in  Sections  7.1  and  C).  The  user’s  input  is 
read  with  ReadUserData,  and  the  output  file  is  generated  with  OutputData. 

procedure  InitLookup; 
begin 

for  i:aO  to  255  do  begin 

coearrpiCi] :«d*cos(i*Pi/255) ; 
coBarrpi2[i] :"decos(i*2*Pi/255) ; 

■inarrpiCi] :»Bin(i*Pi/255); 

8inarrpi2[i]  :'*d*8in(i*2*Pi/255) ; 
end; 
end; 

procedure  InitVariables ; 
begin 
randomize; 

ri:«-l;  -Cinit  ran  i  generator} 
gaadeviBet:«0; 

Bhe : «21 . 8E> 1 1 ; {meters} 

Bno2:*90E-ll;  {jnetera} 
mhe; •0.004;  {kg/mole} 
mno2: *0.047;  {kg/mole} 
k:-1.38054E-23;  {joule/K} 

R:*8. 31433;  {joule/(k  mole)} 

L:«0. 9; {meters} 

pin:»40;{pBi} 

po:«l;{atm} 

po:*atm2pa(po); 

pin:«pai2pa(pin)4po; 

8qrpipo:*aqr(pin/po) ; 

pav :  ■2/.3*  (pin*pin*pin-po*po*po)  /  (pin*p  in-po*po) ; 

Ti8c;»210E-6;  {poiae} 

zo :■ (9. 5E>06)/2; {meters,  GCl} 

zo :■  (11. 3E-6)/2; {meters,  CC2— c*vaaent  out  if  GCl  desired} 
w :  •300E-06 ; -Daeters} 

TO : avout (pin ,po . L , qtsr (zo , vie . > ) ; 

TBT : ■sqrt (8eR«teB^/ (Pi*mno2; ) ; 

nconc:«paT/(k*teiiq>) ;{molecule8/meter"3;  Adam8on,p.55} 
coll ; ■2*8qrt (2) *8qr ( (8he4sno2) /2) ♦ 

Bqrt  (PieRetemp/  ( (mhe*iiino2)  /  (mhe-hnno2) )  )  enconc ; 
writeln(* Number  of  CollisionB  •  ',coll,*  per  second’}; 
mtbc:*l/coll; 

mfp:*TaT/coll;  {Adamson ,p. 62} 
dc :  *0 . 5*mfp*TaT ;  {meter8*'2/88c} 
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nu:»2872;  {per  sec> 

to :  •■l/(nu*8xp  (-36 . 7e3/ (R*  teoq))  )  ) ; 

no2Burf:«170E-21;  ■Cm*2> 

prob ; ■!- (63E-3/ (no2surf ) ♦ (aqrt (2*Pi*ano2/6 . 0225E23*k*373) ) ) ; 
Btick;«l-exp(65*ln(prob)) ; 
ti:«lE-3;{time  increment:  8ec> 
d:*8qrt(2*dt*ti) ; 
end; 

procedure  ReadUserData; 
begin 

vriteC* Temperature  (C)?  '); 
readln(temp) ; 
tamp:«tenp+273; 

«rite(’Mumber  of  Molecules?  '); 
readln(numits) ; 

«rite(*File  Name?  '); 
readln(fname) ; 
vriteC Comments? 
readln(c<»ments) ; 
end; 

procedure  OutputData; 
begin 

assignCofile.fname) ; 
revrite(ofile): 
vritelnCoi lie, comments, i9) ; 
vriteln(ofila,temp,f9} ; 

vritelnCofile, 'Average  Pressure  ■’ ,pav, 'Pa' ,#9) ; 
vriteln (of ile, 'Number  of  Iterations  ■  ’ ,NumIts,*9); 
vriteln(ofile, 'Average  H02  Velocity  ■  ',vav,'  n/8ec',^9); 
Britcln(ofile, 

'Helium  Concentration  •  ',nconc,*  nolecules/m‘'3' ,99) ; 
vriteln (of ile, 'Number  of  Collisions  ■  ’,coll,'  per  second', 99) 
vriteln(of ile, 'Mean  Free  Path  •  ',mfp,'  m',99); 
vriteln (of ile, 'Average  Adsoxbed  Liftetime  >  ',t0,'  sec', 99); 
vriteln(of lie, 'Kappa  ■  ' ,l-prob,99); 
vritsln(oflle, 

'Sticking  Probability  in  Time  Interval  ',ti,'  ■  '.stick, 99); 
vriteln (of ile, 'Column  Output  Velocity  ■  ',vo,'  m/sec', 99); 
for  i:«0  to  612  do  writeln(ofile,i/4:7:2,f9,rt[i] :8:0) ; 
close (of lie) ; 
and; 
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D.S  Main  Program. 


The  main  program  is  relatively  straightforward  and  follows  the  flow  depicted  in 
Figure  134.  The  gettime  calls  are  used  to  track  the  computational  time,  and  are  not 
required  to  implement  the  model. 

(•*4i***Main  Program*******) 
begin 

ReadUeerOata; 

InitVariables ; 

InitLookup; 

gettime(h,m,8,8l00) : 

p8 : ■h*3600+m*60+8+8 100/100 ; 

for  i;«0  to  612  do  rt[i]:“0; 
for  i:«l  to  Numlt8  do  begin 
z:«0:  -Cbegining  of  column} 
t:"0;  <re8et  clock} 
y:»ran0(ri)*e; 
z:»ran0(ri)*2*2o; 
repeat 

if  AtBoimdaryCz.y.z)  then  Adaorbft); 

Move(z,y,z,t): 
until  (z>L)  or  (t>lE4) ; 
j :»trunc<t/60*4) ; 

if  (j<613)  and  (j>"0)  then  rt[j]  :Tt[j]+l; 
end; 

(***The  folloving  statement  integrates  the  rt  array  to***) 
(***si3ulate  the  action  of  the  choniresistor  ***) 

for  i;»611  doento  0  do  for  j:«i+l  to  512  do  rt[j] :»rtCj]+rt[i3 ; 

gettime (h,m, 8, slOO) ; 
ps :*h*3600*m*60*8*8l00/100-p8; 
vritelnC’ Run-time:  ’.ps,*  Seconds*}; 

OtttputData; 

end. 
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Appendix  E.  Data  Reduction 


This  appendix  describes  and  includes  the  non-linear  least-squares  curve  fitting  rou¬ 
tines  used  to  reduce  the  experimental  data  obtained  in  this  research.  The  main  program 
was  essentially  the  same  for  all  three  non-linear  least-squares  curve  fits*  (only  the  fitting 
functional  was  changed).  The  program  will  be  discussed  first,  and  then  examples  of  each 
application  (and  the  corresponding  functional)  will  be  presented. 

E.l  Non-Linear  Least-Squares  Curve  Fitting. 

The  algorithm  used  to  accomplish  the  non-linear  least-squares  curve  fit  is  based  upon 
the  Levenberg-Marquardt  method  that  is  described  in  Numerical  Recipes  in  C  (147-149). 
The  lo^cal  flow  of  the  main  program  is  shown  in  Figure  135.  During  the  initialize 
phase,  the  variables  used  by  the  program  are  initiiJized.  Next,  a  variable,  oldchisq,  is 
set  to  the  value  of  the  current  x^,  chlsq.  Then  the  inr(pin  subroutine  (defined  below)  is 
called  repeatedly  until  the  value  of  converges.  The  computer  code  was  imported  and 
used  directly  from  the  corresponding  Numerical  Recipes  in  Pascal  disk  (146).  A  summary 
of  the  Levenberg-Marquardt  subroutines  implemented  by  Press,  et.  al.,  and  as  used  here, 
follows*  (147): 

The  Levenberg-Marquardt  algorithm  attempts  to  minimize  the  value  of  between 
a  set  of  pdnts  (zCl.  .ndata] ,  yCl.  .ndata]  with  standard  deviations  sigCl.  .ndata]), 
and  a  nonlinear  functional  with  a  total  of  ma  parameters.  The  parameters  are  stored  in  the 
array,  a[l.  .ma3.  The  array,  listaCl.  .ma],  provides  a  means  of  identifying  which  of  the 
parameters  can  be  varied  by  the  algorithm,  and  which  are  fixed  by  the  user.  The  first  mf  it 
elements  of  the  lista  array  correspond  to  values  actually  bdng  adjusted.  For  example, 
if  ma  is  5,  and  mf  it  Is  3,  then  the  parameters  a[l]  through  aC3]  can  be  adjusted  by  the 
algorithm  to  obt&ii  tb»  best  fit,  while  the  parameters  a[4]  and  a[53  are  held  fixed  at 
thar  initial,  user  dtJr.eil  ''ulues.  The  program  returns  the  current  best-fit  values  for  the 
ma  fit  parameters,  a,  and  x^=cni8q. 

‘The  chemiresistor  evaluation  data  (Appendix  I),  the  MMGC  evaluation  daU  (Appendix  J),  and  the 
adsorption  data  (Appendix  K)  all  used  these  routines. 

*A  more  thorough  treatment  of  the  Levenberg-Marquardt  algorithm  can  be  found  in  (147:540). 
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Figure  135.  Flowcliart  for  the  Non-Linear  Least-Squares  Curve  Fitting  Program. 

The  user  supplies  a  routine  called  by  funcs(z,a,3r^it,dyda,na),  that  evaluates  the 
fitting  function  yfit,  and  its  derivatives  dydaCi.  .ne]  with  respect  to  the  fitting  param¬ 
eters  a  at  z.  On  the  first  call,  the  user  provides  an  initial  guess  for  the  parameters  a, 
and  sets  alaBda<0  (for  initialization).  The  algorithm  then  sets  alanda».001.  If  a  step 
succeeds,  chisq  becomes  smaller  and  ala&da  decreases  by  a  factor  of  10.  The  user  calls 
this  routine  repeatedly  until  convergence  is  achieved  (the  previous  value  of  differing 
from  the  current  value  by  less  than  0.001). 


PROCEDURE  iiir<piinCVAR  z,7,8lg:  ArrayNDATA; 

ndata:  integer; 

VAR  a:  ArrayllA; 
ma:  integer; 

VAR  lista:  Integer.’lrrayMFIT; 
■fit:  intege.'*, 

VAR  covar, alpha:  ArrayNAbyNA; 

VAR  chisq, alamda:  real); 

LABEL  99; 

VAR 

k,kk,j,ihit:  integer; 
atry,da:  “ArrayMA; 
oneda:  ‘ArrayMAbyl; 

PROCEDURE  mrqcoffVAR  z,y,8ig:.  ArrayNDATA; 
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VAR  a:  ArrayMA; 

VAR  lista:  IntagerArrayHFIT ; 
VAR  alpha;  ArrayMAbyMA; 

VAR  beta:  ArrayMA; 

VAR  chlsq:  real); 


VAR 


i.j.i:  Integer; 
yBod,rt,8ig2i,dy:  real; 
dyda:  ‘ArrayMA; 

BEGIN 

new (dyda) ; 

FOR  j  ;■  1  TO  mfit  DO  BEGIN 

FOR  k  :«  1  TO  j  DO  alphaCj.k]  0.0; 
betaCj]  :*  0.0 
END; 

chisq  :■  0.0; 

FOR  i  1  TO  ndata  DO  BEGIN 
func8(x[i] ,a,ymcd,dyda‘,na) ; 

8ig2i  :■  1.0/(8lgCi]'('8  g[i]); 
dy  ;«  y[i]-ymod; 

FOR  j  :*  1  TO  Bfit  DO  BEGIN 
wt  :■  dyda‘[li8taCj!l]*8ig2i; 

FOR  k  1  TO  j  DO 

alphaCj.k]  :■  alphaCj,k3+wt*dyda‘Cli8taCk]] ; 
betaCj]  ;■  betatj]+dy*wt 
END; 

chl8q  :■  chi8q-»dy'»dy*8lg2i 
END; 

FOR  j  :■  2  TO  mfit  DO 

FOR  k  ;■  1  TO  j-1  DO  alphaCk.j]  :•  alphaCj.k]; 
di8po8e(dyda) 

END; 


BEGIN 


BEGIN 

new (da) ; 

naw((meda) ;  ^ 

new(atry) ;  1 

IF  alamda  <  0.0  THEN 
kk  ;•  afit't’l;  \ 

FOR  j  :>  1  TO  mW  DO  BEGIN 
ihit  :■  0;  1 

FOR  k  1  TO  mflt  DO 

IF  liataCk]  j  THEN  ihit 
IF  ihit  >  0  THEN  BEGIN 
liataCkk]  :■  J; 


ihit+1; 
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kk  kk4l 


END 

ELSE  IF  ihit  >  1  THEN  BEGIN 

«rit«ln(*pauaa  1  in  routine  NnQMIN*): 
vritelnCLaproper  persutation  in  LISTA’); 
raadln 

END 

END; 

IF  kk  <>  ma^l  THEN  BEGIN 

writalnCpauBs  2  in  routine  MRQMIN*): 
vritelnCInp roper  pennutation  in  LISTA'); 
readln 
END: 

alaoda  :■  0.001; 

mrqcof (x,7,8ig,a.li8ta,alpha,NrqminBeta,chi8q) ; 
Nr(pBinOchisq  :•  chi8q; 

FOR  j  :■  1  TO  aa  DO  atry*[J]  :•  aCj] 

END: 

FOR  j  1  TO  mfit  DO  BEGIN 

FOR  k  :■  1  TO  afit  DO  covarCj.k]  :■  alpha[j,k]; 
corarCj.J]  :■  alphaCj ,j]8(1.0falamda) ; 
oneda*Cj«l]  :■  NrqainBetatj] 

END: 

gau88j (covar ,af it .oneda' , 1) : 

FOR  J  1  TO  afit  DO 
da*  CJ]  : ■  oneda" CJ , 1] ; 

IF  alaada  -0.0  THEN  BEGIN 

coT8rt(coTar,aa,li8ta,afit): 

GOTO  99 
END: 

FOR  J  1  TO  afit  DO 

atry*Cli8ta[j]]  :■  a[li8taCj]3*da*[j] ; 
arqcof (z,7,8ig,atr7*»li8ta,covar,da‘,chi8q) ; 

IF  chiaq  <  NrcpninOchiaq  THEN  BEGIN 

if  alaada  >  ainlamda  than  alaada  :■  O.iaalaada; 
HrqainOchiaq  :■  chiaq; 

FOR  J  1  TO  afit  DO  BEGIN 

FOR  k  1  TO  afit  DO  alphaCj.k]  coTarCj.k]; 
MrqainBetaCj]  :‘*da*Cj]; 
aClietaCj]]  :•  atry'CliataCj]] 

END 

END 

ELSE  BEGIN 

tlaada  :■  lO.O^tlaada; 
chiaq  :■  KrqainOchiaq 
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END; 


99; 

dispoBflCatry) ; 
dispose (onsda) ; 
diaposeCda) 

END; 

E.l.l  Main  Program.  The  main  program  follows  the  instructions  provided  by  Press, 
et  al.:  loading  the  data,  Initializing  the  arrays,  and  making  repeated  calls  to  the  mrcpnin 
routine  until  convergence  is  achieved.  Once  the  fit  is  performed,  the  fit  parameters  are 
saved  to  an  output  file  for  later  use. 

Prograo  CurveFit; 
uses  Crt.dos; 

CONST 

map  ■  7; 

NdataP  -  512; 

TYPE 

ArrayNDATA  ■  ARRAY  [1 . .maxpoints]  OF  real;  <Data  Array) 

ArrayNA  ■  ARRAY  Cl.. map)  OF  real;  <Parameter  Array) 

IntegarArrayMFlT  ■  ARRAY  Cl.. map]  OF  integer; 

ArrayMAbyMA  ■  ARRAY  Cl. .nap. 1. .map]  OF  real; 

ArrayNAbyl  ■  ARRAY  Cl. .map,l. .1]  OF  real; 

VAR 

ifile,  ofile:tezt;  {Input  and  Output  Files) 

z,y,8ig:  ArrayNDATA;  <z,y  and  sigma  arrays) 

NumPolnts:  Integer;  {Number  of  points  to  fit) 

Param:  ArrayMA;  {Parameter  array) 

lista:  IntegerArrayMFIT;  {used  internally  by  mrg^nin) 

mfit:  integer;  {Number  of  parameters  to  fit) 

chiBq,oldchi8q:real;  {Current  and  prior  chi-square) 

coveur, alpha:  ArrayMAbyMA;  {Covariance  and  alpha  matrices) 

1; integer;  {Iteration  variable) 

OutFName.InFName: string;  {I/O  File  names) 

. . . . . 

Main  Program  •••♦) 

. . . . . 

begin 

{Load  data  and  initialize  variables) 

loaddata; 

alamda:o-1.0; 
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for  i;"l  to  map  do  liBt4[i]:«i; 

{Nake  initial  call  to  argmin  to  set  up 
internal  sircpnin  variables} 

■r<|min  (z ,  7 , 8  ig ,  NumPo  ints , 

Param  ,map ,  lista  ,inf  it ,  covar ,  alpha ,  chisq ,  alamda) ; 

{Iterate  until  convergence  is  achieved} 
repeat 

oldchisq: >chisq ; 
ar^ln  (z ,  7 ,  sig ,  NumPoiats , 

Paraa ,map , llsta.mf it , covar , alpha , chisq , alamda) ; 
until  abs(oldchi8q-chisq)<lE-3: 

{Update  Covariance  and  alpha  uatrices} 
alamda :o0.0: 

sir  qm  in  (  z ,  7 , 8  i  g ,  NumP  o  int  s , 

Param .map , lista ,mi it . covar . alpha .chisq , alamda) ; 

{Save  Parameters} 

SaveParam; 

end. 


E.2  Chemiresistor  Evaluation. 

For  the  chemiresistor’s  challenge  gas  exposure  response  evaluation,  the  first  step 
involved  determining  the  functional  to  use  in  the  curve  fitting  process.  It  was  assumed 
that  any  of  the  gas  peaks  produced  by  the  sample  injector  would  be  gaussian  in  nature 
(due  to  the  lon^tudinal  diffusion  of  the  sample  as  it  propagated  through  the  column  and 
the  interconnect  tubing).  Furthermore,  the  chemiresistor  was  observed  to  behave  as  an 
integrating  detector  (its  response  to  injected  pulses  of  the  challenge  gas  would  gradually 
change  from  its  baseline  response  and  plateau,  remaining  stable  for  approximately  one  hour; 
i.e.,  sigmoidally-shaped).  Thus,  the  response  to  the  iigected  samples  could  potentially  be 
the  integral  of  a  ganssian-shaped  gas  concentration  peak. 

E.t.l  Response  Function.  If  oj  is  the  area  under  a  gaussian  peak,  02  the  location 
of  the  center  of  the  peak,  and  03  the  width  (standard  deviation)  of  the  peak,  the  gaussian 
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peak’s  behavior  with  respect  to  time  (see  Figure  136),  g{t),  can  be  defined  by  the  following 
equation  (18): 


Figure  136.  Gaussian  Functional  with  ai  =  1  pA,  02  =  4  minutes,  and  03  =  2  minutes. 


exp 


203* 


integrating  from  t  =  0  to  some  arbitrary  time,  r,  yields: 


(95) 


(96) 


for  02/03  >  0.  This  functional  is  depicted  in  Figure  137.  Hence,  relative  to  the  prior 
discussion  concerning  the  chemiresistor,  the  right  side  of  Equation  96  is  the  basis  for  the 
fitting  functional  for  the  chemiresistor’s  data.  Since  NH3  causes  a  decrease  in  the  electrical 
conductivity  of  the  chemiresistor,  oi  in  Equation  96  becomes  negative. 


E.t.2  Computer  Program  Subroutine,  Equation  96  is  implemented  in  the  following 
computer  program  subroutine.  The  derivatives  with  respect  to  each  parameter  are  included 


as  required  by  the  nrqoln  subroutine,  and  the  parameters  are  represented  as  standard 
Pascal  arrays  (i.e.,  parameter  ai  is  represented  by  a[l]). 


PROCEDl'RE  funcsC  x:  single; 

VAR  a:  singleArrayNA; 
VAR  7:  single; 

VAR  dyda:  singleArrayNA; 
aa:  integer); 


VAR 


{z-data  (time)} 
{parameters} 

{y-data  (response)} 
{parameter  derivatives} 
{parameters  to  fit} 


exl,argl,erf l,sqrt2,sqrtPi:  single;  {internal  values} 


BEGIN 

sqrt2:»sqrt(2); 
sqrtPi ; ■sqrt (Pi) ; 

argl  :■  ((z)-(a[2]))/((a[3])*sqrt2); 

erfl  :*l<»erf  (argl) :  {For  iH3,  change  to  -1-erf (argl)} 

ezl  :■  azp(-sqr(argl)); 

y  :■  a[4]*(a[l]*erfl)/2; 

dydaCl]  erfl/2; 

dydaC2]  ;«-a[l]/(sqrt2*eqrtPi*aC3])*ezl; 
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END; 


dyda[3]  :«dyda[2]*argl*Bqrt2; 
dydaC4]  :■  1; 


E.2.S  Data  Reduction  Example.  An  example  of  the  use  of  the  functional  ^ven  by 
Equation  96  to  fit  a  typical  set  of  chemiresistor  evaluation  experimental  data  is  shown  in 
Figure  138  (the  entire  set  of  data  is  presented  in  Appendix  I).  Both  the  experimental  data 
and  the  fit  to  the  functional  are  shown  for  comparison.  For  the  purposes  of  quantifying 
the  noise  level  (to  incorporate  error  bars  in  the  evaluation  graphs),  the  standard  deviation 
between  the  raw  data  and  fit  functional  was  determined  by  subtracting  the  fit  functional 
from  the  raw  data  and  calculating  the  standard  deviation.  The  value  of  this  ncxse  level 
was  approximately  0.25  pA  in  all  cases. 


Figure  138.  Chemiresistor  Evaluation  Experimental  Data  Fit  to  the  Functional  Given  by 
Equation  96  (75  ppm  NO2  at  80*C).  The  Baseline  is  14.7  pA,  and  the  Net 
Response  is  1.9  pA. 
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E.S  Micromachined  Gas  Chromatograph  Evaluation. 

For  the  MMGC  evaluation,  the  data  was  composed  of  both  the  NH3  and  NO2  re¬ 
sponses.  By  invoking  the  principle  of  linear  superposition,  a  trial  functional  was  synthesized 
which  incorporated  both  responses  by  using  the  fundamental  form  ^ven  in  Equation  96. 
However,  to  maintain  a  conastent  baseline  between  the  two  parts  of  the  revised  MMGC 
functional,  m(t),  the  NH3  functional  was  multiplied  by  negative  one  (to  invert  the  func¬ 
tional)  and  shifted  vertically  (by  adding  two  to  the  expression  within  the  square  brackets) 

% 

to  maintain  continuity  with  the  NO3  functional,  yielding: 

where  oi  is  the  amplitude  of  the  NH3  peak,  02  is  the  center  of  the  NH3  peak,  03  is  the 
width  of  the  NH3  peak,  04  is  the  amplitude  of  the  NO2  peak,  05  is  the  center  of  the  NO3 
peak,  oe  is  the  width  of  the  NO2  peak,  and  07  is  the  baseline  level.  This  functional  is 
shown  in  Figure  139, 

E.S.1  Computer  Program  Subroutine.  Equation  97,  and  the  corresponding  param¬ 
eter  derivatives  are  implemented  in  the  subroutine  that  follows: 


PAOCEOUFE  funcsC  z:  single; 

VAR  a:  singlaArrayNA; 
VAR  7:  single; 

VAR  dyda:  s ingle ArrayNA; 
■a:  integer); 


VAR 


{z-data  (tiae)} 
•Cparemeters} 

-Cy-data  (response)} 
{parameter  darivatives} 
{parameters  to  fit} 


ezl,ez2,argl,arg2,erfl,erf2:  single;  {internal  values} 


BEGZir 

argl  ;■  ((z)-(a[2]))/((a[3])eBqrt2); 
arg2  :■  ((z)-(a[6]))/((aC63)*8qrt2) ; 
erfl  :«»l-erf (argl);  {to  insure} 
erf2  :«l‘»erf  (arg2);  {conqsatible  baselines} 
ezi  :■  oxp(-sqr(argl)); 
ez2  :•  ezp(-sqr(arg2)); 
y  :■  a[73+(a[l]*erfl*aC4]eerf2)/2; 
dydaCl]  :■  erfi/2; 

dyda [2] ; "aCl] / (8qrt2*8qrtPi*a[33 ) ♦ezi ; 
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Figare  139.  Double  Erf  Functional  with  oi  =  1  pA,  flj  =  3  minutes,  03  ss  2  minutes, 
04  s  1  pA,  Os  =  9  minutes,  oe  s  2  minutes,  and  07  s  1  pA. 

dyda[3] :*argl*dydat2]*sqrt2; 
dydaC4]  :•  «rf2/2; 

dydaCS] :»-aC4]/(8qrt2*8qrtPi*a[6] )*«x2; 
dyda[6]  :»dydaC6]'»arg2*8qrt2; 
dydaC7]  ;•  1; 

END; 

E.S.2  MMGC  Data  Reduction  Example.  In  order  to  reduce  the  effects  of  ndse,  six 
trials  at  each  evaluation  point  were  made  and  averaged.  Figures  140  through  145  depict 
dx  typical  MMGC  evaluation  trials  before  avera^ng  (the  entire  set  of  averaged  data  is 
presented  in  Appendix  J).  Figure  146  shows  the  use  of  the  functional  pven  in  Equation  97 
to  fit  the  averaged  data  from  Figures  140  through  145.  Both  the  raw  data  and  the  fit  to 
the  functional  are  shown  for  comparison.  For  the  purposes  of  quantifying  the  noise  level 
(to  incorporate  error  bars  in  the  evaluation  graphs),  the  standard  deviation  between  the 
raw  data  and  fit  functional  was  determined  as  described  in  the  chemiredstor  discusdon. 
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The  value  of  this  noise  level  was  approximately  0.09  pA  in  all  cases,  and  the  effect  of  this 
noise  on  the  time  axis  was  determined^  to  be  approximately  1.3  minutes. 


Figure  140.  First  Trial  of  a  Micromachined  Gas  Chromatograph  Evaluation  (75  ppm 
NO2,  6300  ppm  NH3,  at  66*C). 


E.^  Adsorption  Evaluation. 

For  the  challenge  gas  adsorption  studies  described  in  Appendix  C,  a  third  functional 
was  required  to  determine  the  parameters  a,  and  Or.  This  functional  was  based  on 
Equation  91,  where  Rp  was  replaced  by  oj,  Ra  by  02,  a  by  03,  /?  by  04,  P  by  05,  by 
ar,  and  oe  was  introduced  to  account  for  an  arbitrary  pre-exposed  initial  condition  (to 
account  for  the  lack  of  complete  reversibility  due  to  the  extended  exposure  times;  that  is, 
a  baseline  response  offset). 

*Thia  wM  accompluhed  by  adding  and  aabtracting  the  noiae  level  to  the  lit  functional  and  calculating 
the  width  of  the  resulting  band  at  the  functional  center  on  the  time  axis. 


230 


E.4>1  Computer  Program  Subroutine.  The  implementation  of  this  functional,  and 


its  parameter  derivatives,  is  shown  in  the  fdlowing  computer  progr^  subroutine: 


PROCEDURE  fimcsC  z:  single; 

VAR  a:  singleArrayNA; 
VAR  y:  single; 

VAR  dyda:  singleArrayMA; 
na:  integer); 


{x-data  (time)} 
{parameters} 

{y-data  (response)} 
{parameter  derivatives} 
{parameters  to  fit} 


VAR 


arg3,isl,is2.argi,erl,ezl,ez2,ez3,lnl,  {internal  values} 
iargl , iarg2 , iarg3 , iarg4 , arg2 : double ; 


BEGIH 

iarg2 : -a [7] ♦ (a [3] *a [6] +a [4] ) ; 
iargl  :—iarg2*(x+a[6]  )  ; 
exl:»le-60; 
argl;»(l-exl); 

arg2 :  -a  [31  *  a  [5]  /  (  a  [7]  *  ( a  [3]  *a  [5]  ♦  a  [4]  )  ) ; 
arg3:«(a[2]-aCl]); 
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Figure  142.  Third  lYial  of  a  Micromachi&ed  Gas  Chromatograph  Evaluation  (75  ppm 
NO2,  6300  ppm  NH3,  at  66’C). 


y ; ■a [1] ♦arg3*arg2*argl ; 
dyda[l] :«l-arg2*argl; 
dyda [2] : ■arg2*ergl ; 
dyda [3] : "argS^a [5] /iarg2* 

(aC4]/iarg2-a[4]*«zl/iarg2'»a[3]*a[5]*a[7]*(x-*^a[6])*ezl) ; 
dyda  [4] :  ■arg3<’a  [3] ‘a  [5] /iarg2* 

(-l/iarg2+ezl/iarg2+(z*aC63  )*at73 ’»«zl) ; 
dyda [53 : ■dyda[33  *a[33 /a[53 ; 
dyda[63 :«arg3*a[33*aL63*ezl; 
dydaC73  :«arg3«'(“aC33*aC53/<iarg2*aC73)* 
argl-f  azl*  (z-^a  [63  )  *a  [33  *a  [53 /a[73  } : 

END; 

E.4.2  Data  Reduction  Example.  The  entire  set  of  data  is  presented  in  Appendix  K. 
Figure  147  depicts  the  use  of  the  functional  to  fit  the  experimental  challenge  gas  adsorption 
data.  The  experimental  data  for  a  typical  set  and  the  fit  to  the  functional  are  shown  for 
comparison. 
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(vci)  esuocteey 


Response  (pA) 


(Vd)  esuodsey 


Figure  146.  Microtnachined  Gas  Chromatograph  Evaluation  Experimental  Data  Fitted  to 
the  Functional  (75  ppm  NOj,  6300  ppm  Nila,  and  66*C).  The  NH3  Response 
U  1.5  pA,  the  NH3  Pcah  Center  it  at  3.8  minutes,  the  Nib  Peak  Width 
is  1.7  minutes,  the  NO3  Response  it  2.1  pA,  the  NO3  Peak  Center  it  at 
29.4  minutes,  and  the  NOa  Peak  Width  is  18.9  minutes. 
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Appendix  F.  Golay^s  Theory 


The  following  is  an  excerpt  from  Marcel  Golay’s  Theory  of  Chromatography  in  Open 
and  Coated  Tubular  Columns  with  Round  and  Rectangular  Cross-Sections  (25): 


When  a  gas  flows  viscously  in  a  tube  of  cither  circular  or  rectangular  cross- 
section  (with  a  large  width  over  thickness  ratio  for  the  latter),  the  average  speed 
of  flow  has  a  parabolic  profile  along  any  cross-section  parallel  to  the  direction 
of  flow,  this  speed  being  zero  at  the  walls  ot  the  tube.  If,  on  the  other  hand, 
one  single  molecule  is  followed  in  its  combined  drifting  and  Brownian  motion, 
this  molecule  will  spend  an  equal  time,  on  average,  in  every  unit  area  of  the 
tube  cross-section  and,  if  the  tube  walls  are  uniformly  coated  with  a  retentive 
layer,  all  molecules  having  an  equal  affinity  for  this  coating  will  spend  an  equal 
fraction  of  time  in  that  fixed  phase.  Furthermore,  there  will  be  statistical 
fluctuations  from  the  equal  values  of  occupancy  of  every  cross-sectional  unit 
area,  and  from  the  average  relative  occupancies  of  the  moving  and  fixed  phases. 

If  a  gas  sample  in  the  form  of  a  small  gas  packet  is  injected,  at  an  initial 
epoch,  within  the  stream  of  a  carrier  gas  having  no  affinity  for  the  inner  wall 
coating,  these  injected  molecules  will  be  carried  along  at  an  average  speed  which 
will  be  less  than  that  of  the  car  er  gas  stream,  because  of  the  retentive  effect 
of  the  fixed  phase,  and  will  diffus*  xbout  the  centre  of  gravity  of  the  packet. 

Two  processes  will  contribute  the  overall  effect.  The  first  is  the  static 
diffusion,  which  takes  place  whethc»  the  gas  is  moving  or  not,  and  which  is 
a  function  of  elapsed  time.  The  second  is  the  dynamic  diffusion,  due  to  the 
fluctuations  in  occupancy  of  the  various  portions  of  the  tube  cross-section  and 
of  the  fixed  phase;  some  molecules  with  an  extia  high  occupancy  of  the  tube 
centre  move  ahead  of  the  packet,  while  others  wivh  an  extra  high  occupancy  of 
the  portions  near  the  wall,  or  of  the  fixed  phase,  lag  behind.  . . .  [This]  discussion 
will  be  devoted  essentially  to  the  extension  if  Taylor’s  method  to  the  case  in 
which  the  walls  of  round  or  rectangular  tuK-i  are  coated  with  a  thin  retentive 
layer,  within  which  diffusion  is  instantaneous. 

The  diffusion  of  a  gas  packet  is  governed  I  the  vectorial  differential  equa¬ 
tion: 

=  ^  +  (98) 

In  the  absence  of  flow,  and  when  diffusion  in  the  *  direction  only  is  of 
interest,  (98)  may  be  simplified  to: 


D 


dx^~  dt’ 


Let  the  gas  packet  of  density  /  ss  /(*,!)  be  normalized  to  unity: 


(99) 
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/+0O 

/dl  =  1. 

-oo 


Since  /  is  essentially  a  positive  quantity,  it  follows  from  (100)  that; 

Q  / 

/ -♦  0,/* -♦  0,  and -►  0  when  X -♦  ±00.  (10] 

ox 

Consider  the  incremental  second  moment  du  of  a  normalized  gas  packet: 


/+<»  , 

fx^  dx. 

>00 


We  have,  by  virtue  of  (99) 


/.r  w*’  ^ /.r  0*’  (' 

Integrating  by  parts  and  taking  account  of  (ICO)  and  (101),  we  obtain: 


/±r-2(/x)!~  + 


E-a- 


7Ddt. 


We  shall  consider  now  the  case  of  diffusion  of  sample  gas  of  uniform  compo¬ 
sition  within  a  viscously  flowing  inert  carrier  gas  inside  a  round  tube  uniformly 
coated  with  a  retentive  layer.  Let  r,  r®,  v®  and  k  designate,  respectively,  the 
distance  from  the  centre,  the  tube  radius,  the  average  carrier  gas  velocity  and 
the  ratio  of  the  sample  held  in  the  retentive  layer  to  the  sample  in  vapour  form 
when  there  is  equilibrium  between  these  two  phases. 

Introducing  the  well-known  expression  for  Poiseuille  flow  in  (98)  we  obtain: 

The  boundary  condition  at  the  tube  wall  is; 


Because  of  the  retentive  property  of  the  tube  coating,  the  average  velocity 
the  sample  will  be  the  fraction  1/(1  + 1)  of  the  average  velocity  Vo  of  the  carrier 
gas,  and  it  will  be  expedient  to  effect  the  change  of  coordinates: 


which  is  equivalent  to  selecting  a  new  oripn  of  coordinates  which  moves  at  the 
average  sample  velocity.  The  former  equations  (105)  and  (106)  become: 


I 
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j 

/' 

/ 


r,(d^  Id,  dM  ,  df  ,  A +  2*  df 

^  (ar*  r  Or  ■*■  Ozi^  j  ^  “  di  (  1  +  it  "  j  dxi 


ud 


'‘r.Ur>/„,.“  UJ,«/  1  +  *  “VaxJ,„.- 

Let  the  new  variables  /  and  A/  be  defined  by: 


(109) 


/=Ar/rdr  (110) 

'o  JO 

and 

/  =  /+A/  (111) 

where  A/  obeys  the  relation: 

r*A/rdr  =  0.  (112) 

yo 

Let  it  be  stipulated  further  that  only  the  average  diffusion  /  in  the  Xi  direction 
is  of  physical  interest,  and  only  after  the  diffusive  process  has  operated  for  a 
time  which  is  Icc^  when  compared  to  that  required  for  equilibriiun  to  occur 
across  the  tube.  This  is  equivalent  to  saying  that  A/  wiU  be  ne^^bly  small 
when  compared  to  /,  and  this  may  be  expressed  conveniently  with  the  relation: 


A/</ 


(113) 


which  will  constitute  the  only  postulate  of  this  discussion. 

If  we  apply  the  operator  ^  JJ*  r  dr  to  all  members  of  (1C3),  we  obtain, 
talcing  (110)  to  (112)  into  account: 


rA  er  A.,. 


^  dxi^  ~  di^  1-kk  ‘'d^ 


TtT  Jo  \l  +  k  r,?  J  dxi 

The  boundary  condition  (EquaUon  109)  may  be  likewise  re-written: 


(114) 


Subtracting  (115)  from  (114),  member-by-member  yields  the  new  relation; 
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■»i 


'■S-»-*i# 


■‘br(‘^-4Y^-‘ 

_  _±_  (dAf\ 

1  +  5x1  y,.*. 


in  which  the  term  ^{d^f  has  been  dropped  by  virtue  of  (113),  since  it 

is  ne^i^ble  by  comparison  with  dffdt. 

The  terms  in  dAffdxi,  which  would  be  negligible  if  compared  to  terms 
in  dfjdxif  in  which  /  is  at  the  same  order  of  differentiation  as  A/,  are  not 
negligible  when  compared  to  5^//5xi*,  which  is  a  higher  order  differential.  In 
order  to  obtain  an  expression  for  the  terms  containing  A/,  an  expression  is 
required  giving  A/  as  a  function  of  /  differentials,  and  toward  this  purpose  we 
bc^n  by  substituting  for  /  in  (108)  its  expression  given  by  (111),  and  dropping 
the  terms  in  A/  when  there  are  similar  terms  in  /: 

Subtracting  (116)  from  (117),  and  again  dropping  the  appropriate  A/  terms, 
we  obtain: 

^  (  5r’  ;  dr')  "  "*5*  (  1  +  *  “  j  5x,  ‘ 

Solving  (118)  for  A/,  and  recalling  that  A/  must  be  finite  when  r  =  0,  we 
obtain: 

A/  =  A/p  +  ^  +  Up  ^  |^J  .  (119) 

In  principle.  A/p  should  be  riiosen  so  as  to  satisfy  (112),  but  when  the  expres¬ 
sion  just  given  for  A/  is  inserted  in  (116),  the  coefficient  of  A/p  vanishes,  and 
we  obtain,  after  integrating  and  re-arranpng  the  terms: 


fr  I  ^  gy  f.  ,  ,  *(l-h4fc)rprp»  5»/ 

V  41(1  +  k)^  D  /5x,r“^  '' 5<  24(11- *)  D  dxidt' 

(120) 

This  equation  shows  that  the  effect  of  dynamic  diffusion  is  almost  as  if 
the  diffusion  coefficient  for  the  static  case  (i.e.,  the  case  of  static  diffusion  in 
a  coated  tube  with  a  coefficient  of  rctentivity  k)  were  merely  increased  by 
the  second  term  shown  in  the  first  parenthesis  of  (120).  The  departure  from 
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this  simple  concept  is  represented  by  the  term  in  d^Jfdxidt  which  becomes 
eventually  negligible  when  VoVo  is  on  the  order  of  D  (which  will  be  seen  to  be 
the  case  in  practical  cases)  and  when  diffusion  has  proceeded  to  the  point  where 
ToiPJfdxx)  is  smail  when  compared  to  /.  However,  the  rate  of  increase  of  the 
second  moment  and  the  overall  rate  of  flow  of  the  component  are  not  affected 
by  the  d’^fjdxidt  term,  as  will  be  shown  immediately. 

Re-writing  (120): 


dj  _  ^ei^J  .  d'^J 

dt  ~  dx,2  °0xxdt 


(121) 


for  short,  wc  obtain  for  the  incremental  second  moment: 


du 


-  A  /■+<*  df  n 

/xi’  dxi  -dij 


(122) 


The  first  term  of  the  integral  leads  to  an  expr(;s;ion  similar  to  the  incre¬ 
mental  second  moment  obtained  In  (104). 

The  essential  part  of  the  second  term  in  the  integral  can  be  written: 


The  first  term  of  the  R.H.S.  can  be  set  to  zero  because  of  the  known  be¬ 
haviour  of  the  sdution  of  (121)  at  infinity.  The  second  integral  can  be  written: 


r  ^'*1  dxx  =  a  r  ^xx  dxx  -  b  r  -^*1  dxx. 

7-00  at  '  ^  7-00  dxx^  ^  ^  7-00  dxxdt  ^  ' 


^+00 


+00 


(124) 


The  first  integral  of  the  R.H.S.  can  be  written: 


/+00 
•00 


dxx^ 


xxdxi 


■I 


dxx 


*1  -/ 


+00 


(125) 


and  vanishes  by  virtue  of  (101).  The  second  integral  can  be  wntten: 


(126) 


The  first  term  of  the  second  member  vanishes  by  virtue  of  (101)  and  the 
second  term  vanishes  because  of  the  conservation  of  mass.  Thus,  the  rate  of 
increase  of  the  second  moment  when  diffusion  is  governed  by  (120)  or  (121)  is 
the  same  as  .f  the  term  in  d’^Jjdxxdt  were  absent. 

Lastly,  it  will  be  observed  tha'.  the  L.H.S.  of  (124)  could  be  written: 
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— oo 


dt 

and  since  this  term  is  the  speed  of  the  centre  of  gravity  of  the  sample  gas  packet 
in  the  Xi  coordinate,  and  vanishes  because  the  last  term  of  (123)  vanishes,  it 
is  concluded  that  the  overall  motion  of  the  mass  sample  in  the  zi  direction 
is  indeed  that  adopted  in  (107)  for  the  x  Xi  coordinate  change,  namely 

W(i  +  *)- 

The  second  moment  for  the  case  of  gas  flow  studied  here  can  be  obtained 
by  treating  (120)  as  (C9)  was  treated  to  obtain  (104),  and  this  gives: 


48(1  +  D  ) 


(128) 


The  time  required  for  a  component  with  a  pven  k  to  travel  an  elementary 
length  dll  of  the  tubular  column  is  [(1  +  i)/vo]dii,  and  when  this  expression 
is  substituted  for  dt  in  (128)  we  obtain: 


du  = 


(2—  4-  ^ 

V  Vo  24(1  +  *)^  D  ) 


dx\. 


(129) 


...  A  formula  similar  to  (129)  can  be  derived  for  columns  with  a  rectangular 
cross-section  of  thickness  . . :  * 


du  = 


4(l  +  91;  +  51fcV2)u.^o»\ 
105(1  +  *)*  D  ) 


dx\. 


(130) 


Appendix  G.  Mathematica  Code  for  Figures 

The  following  segments  of  Mathematica  code  vnTe  used  to  create  some  of  the  figures 
in  this  dissertation  (15U). 

•  This  is  the  Mathemat'ca  code  used  to  generate  Figure  9: 

▼ Cxl_ ,p J "Sqrt [p“2 ( ‘-1 

Plot [Releana [Table [v [x ,p] , {p , 1 , 10 , 3>] ] , {x , 0 , 1}] 
e  This  is  the  Mathematica  code  used  to  generate  Figure  12: 

«LCn.]:“(2  n-1)  Pi/2; 

«Integral.B 

▼c2Cy.,z.,b.,c_] ;»-SunC(Co8Ca  Pi]  ((c  n  Pi)“2 
-2  c'2-c<n  Pi)-2)*2  c‘2)/((n  Pi)‘3  CoshCn  P.l 
b/(2  c)3)  CoBhfo  Pi  y/c]  Sin[n  Pi  z/c3, 

Infinity}] 

#p2C2_,c.]:».6(x  c-z“2) 

Plot [Tp2 [z , 1] /vp2 C . 5 , 1] , {z , 0 , 1>] 
e  This  is  the  Mathematica  code  used  to  generate  Figure  13: 

«[h_] :»<2  n-1)  Pi/2; 

«Integral.B  _ _ _ _ 

▼c2Cy_,z.,b_,c.] ;"-Sua[(Co8Cn  Pi]  ((c  n  Pi) “2 
-2  c‘‘2-c(n  Pi)-2)+2  c*2)/((n  Pi)‘3  CoahCn  Pi 
b/(2  c)])  CoshCn  Pi  y/c]  SinCn  Pi  z/c], 

•(n,l,Inf;'nlty}] 

»p2Cz_,c.] :».6(z  c-z“2) 

Plot3D  C7p2  Cz ,  1] +’i'c2  Cy  ,z  ,6 , 1] ,  iz  ,0, 1} ,  {y , -3 , 3>] 

Show [X , {BoxRat ios - >{ 1 , 3 , !>}] 
e  This  is  the  Mathematica  code  used  to  generate  Figure  14: 
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«Integral.B 


Tave[c.,bJ  :-4  c“2/b(b/48-4  c  Pi‘(-5) 

MSuaC(a)‘(-5)  TanhCn  Pi  b/(2  c)] , 

■Cu ,  1 ,  Inf  inity ,  2}] ) 

Plot [100  va»e [1 ,b] / . 08333 , {b , 0 , IS) . {PlotRange->{0 , 100}}] 
a  This  is  the  Mathematica  code  used  to  generate  Figure  15: 

«Intagral  .m 

▼ava[c_,b.] ;«4  c“2/b(b/48-4  c  Pi“(-5) 

MSumC(n)"(-5)  Tanh[fl  Pi  b/(2  c)] , 

<n,l, Infinity ,2}]) 

qrect  [c_  ,b_  ,inu_]  ;  «Bu/vave  [c  ,b] 

qparCc.,mu,]:«12  mu/c*2 

qr«SI [qrect [30  Micron,  130  Micron,  200  Micro  Poise] ]//H 

qp«SI[qpar[30  Micron, 200  Micro  Poi8A]]//N 

▼out  [q_,p_]  :■(-(!  *tnoBphere)‘2-«’p'’2)/ 

(2  q  (1  Atmosphere)  50  Centi  Meter) 

Plot  [{K  [Convert  [rout  [qp  ,p  Psi-*-!  Atmosphere] 

4414  Mlcron*2, 

Micro  Liter/Second]  Second/Liter/Micro] , 

N [Convert [rout [qr,p  Psi-M  Atmosphere] 

4414  Micron‘2, 

Micro  Liter /Second]  Second/Litur/Nicro] } , 

<p.l.50>] 

grphl»X 

realdata«{<S,l},<10,2.6},{15,4},<20,6.6>, 

{25,8.3>,<30,11},<36,14.4},{40,16.7}, 

{45, 20}, {60, 24}}; 

ListPl ot [realdata] 
gvph2-X 

SbovCgrphl ,grph2] 
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•  This  is  the  Mathematics  code  used  to  generate  Figure  17: 

krCk_]  :■  2  k 

kl[kj:*k 

hround[k_,d_,T_,ro.] :*2  d/»  ♦  (1+6  k*ll  k‘2)/ 

(24  (I4k)*2)  »  ro*2/d; 

hflat[k.,d_,v_,20,j :«2  d/v  ♦  4(1*9  k*51/2  k“2>/ 

(105  (l*k)‘2)  ▼  2o“2/d; 

•round  [k_]  :  ■  (kr  DO  /  (kr  Ck]  *1)  )  “2  /  hro’md  [kr  DO  ,  1 , 1 , 1] 
•natCk.]:-(kfD0/(kfD0*l))“2  /  hflat[kf[k]  .1,1.1] 
Limit [sroimd DO  ,k->10*90]//K 

0.4067796610169491525 

Plot [{around [k] / . 40678 , af lat  DO  / . 40678> , {k , 0 , 10> , 
{PlotStyla->{GrayLeval [0] , 

GrayLeval  [ .  25]  } ,  PlotRanga->{0 , 1»] 

•  This  is  the  Mathematics  code  used  to  generate  Figure  38: 

«Units.m 

▼oCpi.,s!o_,viac_,len_]  :»2o“2  (pi*2-(l  Atmosphere) “2)/ 
(6  Tibc  len  1  Atmosphere) 

kf [w.,20_,y.,k_] :»w(2  20  ♦y)/(2c  y)  k 

J[pi..po_] :«0 

g^l..poJ :"9/8  ((pi/po)“4-l)((pi/po)*2-i)/ 
((pl/po)-3-l)“2 

hf lat [k_ ,d. ,2o_ ,pi_ ,len. ,Tl8c_  .partcoef .] : •( ( 

2  d/T0^i,20,Tisc,lGn]  * 

4(1*9  k*5t/2  k‘2)/(105  (l*k)“2) 

TO^i,2o,Tisc,lui]  20*2/6)  gCpi.l  Atmosphere]* 
j[pl,l  Atmosphere]  ▼oCpi,20,Tlsc,len]  2  k‘3  20*2/ 
(3(l*k)“2  partcoef “2 
10“-6  (Cent!  Meter) *2/Second)); 

■flat [k. ,d_ ,20. ,pi_ ,lea_ ,Tisc.,w^,y J :«SI [len 
(k#[w,20,y,lO/(kf [■,2o,y,k]*l))“2  / 
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hflatD^[«,zo,y,k]  ,d,zo,pi,l«n,TiBc,k!!] 

8fquickCzo_,pi_,k_]BSI[sflatCk,0.1  (Cantl  Metar)~2/Second, 
zo  Micro  Mater, 

pi  Psi-t'l  Atmosphere, .5  Meter, 200  Micro  Poise, 

0.1  Micro  Meter, 0.01  Cent!  Meter]]; 

Plot [{sf quick [zo, 10, 100] ,sfquick[zo,20,100]  , 
sf quick [zo , 30 , 100] , sf quick [zo ,60 , 100] > , 

<20 , 0 . 1 , 50} ,  {PiotRange->{0 , 14000»] 

a  This  is  the  Mathematica  code  used  to  generate  Figure  39: 

«Units  .m 

▼o[pi-t*o_»’'i8c_,len_] :«zo“2  (pi“2-(l  Atmosphere) “2)/ 

(6  vise  len  1  Atmosphere) 

kf [*_,zo_,y_,k_] :«b(2  zo  ■♦y)/(zo  y)  k 

j[pi.,poJ  :«0 

gCpi-.poJ :«9/8  ((pi/po)*4"l)((pi/po)*2-l)/ 

<(pi/po)*3-l)“2 

hf lat [k_ ,d. ,zo_ ,pi_ , len_ ,ri8c_ ,partcoef _] : » ( ( 

2  d/To[pi,zo, rise, len]  * 

4(1*9  k*51/2  k“2)/(105  (l*k)-2) 

▼o [pi, zo, rise, len]  zo‘‘2/d)  glj>i,l  Atmosphere]* 

J[pi,l  Atmosphere]  ▼oLpi,zo,vi8c,len]  2  k‘3  zo"2/ 

(3(l*k)“2  partcoef*2 

10"-6  (Centi  Meter) ‘2/Second) ) ; 

1 

sf lat [k_ ,d_ ,2o_ ,pi. , len_ .vise. ,¥_ ,y_] : "SI [lea 
(iff [B,zo,y,k]/(kf [s,zo,y,k3*l))“2  / 
hf lat [kf [s ,zo ,y ,k] ,d ,zo ,pi ,len ,Tisc ,k]] 

1 

If lo^ [zo_ ,pi_ ,k J -Log [ 

Sl(l8flat[k,0.1  (Certi  Meter) ‘2/Socond, 
zo  Micro  Meter, 

pi  Psi*l  Atmospnnre, .5  Meter, 200  Micro  Poise, 

0.1  Micro  Meter, 0.01  Centi  Meter]]]; 

Plot [{sf log [zo ,30,1], sf log [zo ,30,10], 
sf log [zo , 30 , 100] , sf log [zo , 30, 1000] > , 

{zo,0.1,60>] 


247 


Appendix  H.  Flowmeter  Calibration  Table 


Table  17.  Flowmeter  Calibration  Table  (Gilmont  Instruments,  Inc.,  Modd  8555-8654). 


Flow  Meter 
Scale 


1 


2 


3 


Flow  Rate 


Flow  Meter 
Scale 

Flow  R  ate 
(ml/min) 

17 

17.4 

18 

19.1 

19 

21.1 

20 

23.2 

2] 

25.3 

22 

27.5 

23 

29.7 

24 

31.9 

25 

34.2 

26 

36.7 

27 

39.2 

28 

41.7 

29 

44.3 

30 

46.9 

31 

49.6 

32 

52,3 
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Appendix  I.  Chtmiresistor  Evaluation  Data 

This  appendix  contains  the  data  collected  duiing  the  chemiresistor  evaluation.  A 
summary  of  the  pertinent  parameters  is  provided  in  Tables  18  and  19,  while  Figures  148 
through  186  depict  each  evaluation. 


'  Table  18.  Chemiresistor  Evaluation  Summary  with  NO2  as  the  Challenge  Gas. 


NO2  Concentration 
(ppm) 

Temperature 

(‘C) 

Response 

(pA) 

Baseline 

(pA) 

75 

50 

7.4 

5.2 

75 

55 

5.8 

6.4 

75 

60 

5.1 

7.0 

75 

68 

3.3 

9.4 

75 

70 

3.1 

10.2 

75 

80 

1.9 

14.7 

75 

90 

1.3 

20.2 

255 

70 

6.2 

10.1 

255 

80 

3.9 

14.3 

255 

90 

2.5 

20.0 

350 

70 

7.2 

10.1 

350 

80 

4.5 

14.5 

350 

90 

3.0 

20.2 

460 

70 

8.3 

10.0 

460 

80 

5.4 

14.0 

460 

90 

3.6 

20.0 

570 

70 

9.4 

9.8 

570 

80 

5.9 

14.2 

570 

90 

3.6 

20.3 
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Figure  148.  Chemiresistor  Evaluation  (75  ppm  NO2  Md  50*C).  The  Response  is  7.4  pA, 
and  the  Baseline  is  5.2  pA. 


Figure  149.  Chemiresistor  Evaluation  (75  ppm  NO3  and  55*C).  The  Response  is  5.8  pA, 
and  the  Baseline  is  6.4  pA. 
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Figure  151.  Chemiresistor  Evaluation  (75  ppm  NO3  and  68*C).  The  Response  is  3.3  pA, 
and  the  Baseline  is  9.4  pA. 
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Fignre  152.  Chemiresistor  Evaluation  (75  ppm  NOj  and  70*C).  The  Response  is  3.1  pA, 
and  the  Baseline  is  10.2  pA. 


Figure  153.  Chemiresistor  Evaluation  (75  ppm  NOj  and  80*C).  The  Response  is  1.9  pA, 
and  the  Baseline  is  14.7  pA. 
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flgnre  155.  Chemiresistor  Evaluation  (255  ppm  NO3  and  70*C).  The  Response  is  6.2  pA, 
and  the  Basdine  is  10.1  pA. 
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Figure  158.  Chemiresistor  Evaluation  (350  ppic  NOj  and  70*C).  The  Response  is  7.2  pA, 
and  the  Baseline  is  10.1  pA. 


Egure  159.  Chemiresistor  Evaluation  (350  ppm  NO3  and  80*C).  The  Response  is  4.5  pA, 
and  the  Basdine  is  14.5  pA. 


Figure  160.  Chemiresistor  Evaluation  (350  ppm  NO3  and  90*C).  The  Response  is  3  pA, 
and  the  Baseline  is  20.2  pA. 


Figure  161.  Chemiresistor  Evaluation  (460  ppm  NO3  and  70*C).  The  Response  is  8.3  pA, 
and  the  Basdine  is  10  pA. 


Figure  162.  Chemiresistor  Evaluation  (460  ppm  NO3  and  80*C).  The  Response  is  5.4  pA, 
and  the  Baseline  is  14  pA. 


figure  163.  Chemireastor  Evaluation  (460  ppm  NO3  and  90*C).  The  Response  is  3.6  pA, 
and  the  Baseline  is  20  pA. 
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Flgare  164.  Chemiresistor  Evaluation  (570  ppm  NO2  and  70*C).  The  Response  is  9.4  pA, 
and  the  Baseline  is  9.8  pA. 
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figure  165.  Chemiresistor  Evaluation  (570  ppm  NO2  and  80*C).  The  Response  is  5.9  pA, 
and  the  Baseline  is  14.2  pA. 


259 


260 


Figure  170.  Chemlret>istor  Evaluation  (6300  ppm  NH3  and  75*C).  The  Response  is  1.6  pA, 
and  the  Baseline  is  12.2  pA. 


Figure  171.  Chemircsistor  Evaluation  (6300  ppm  NH3  and  80*C).  The  Response  is  1.6  pA, 
and  the  Baseline  is  14.4  pA. 


Figure  172.  Chemiresistor  Evaluation  (5000  ppm  NH3  and  70*C).  The  Response  is  1.5  pA, 
and  the  Baseline  is  10.2  pA. 


Figure  173.  Chemiresistor  Evaluation  (5000  ppm  NH3  and  80*C).  The  Response  is  1.6  pA, 
and  the  Baseline  is  14.1  pA. 
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figure  174.  Chemireastor  Evaluation  (5000  ppm  NH3  and  90*C).  The  Response  is  1.6  pA, 
and  the  Baseline  is  20.2  pA. 


Figure  175.  Chemiresistor  Evaluation  (4000  ppm  NH3  and  70*C).  The  Response  is  1.5  pA, 
and  the  Baseline  is  10  pA. 
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Figure  177.  Chemiresistor  Evaluation  (4000  ppm  NH3  and  90  C).  The  Response  is  1.6  pA, 
and  the  Baseline  is  20.2  pA. 


Figure  178.  Chemiresistor  Evaluation  (3000  ppm  NH3  and  70*C).  The  Response  is  1.6  pA, 
and  the  Basdine  is  10  pA. 


Figure  179.  Chenuresistor  Evaluation  (3000  ppm  NH3  and  80*C).  The  Response  is  1.4  pA, 
and  the  Baseline  is  14.2  pA. 


Figure  180.  Chemiresistor  Evaltl^tioQ  (3000  ppm  NHa  and  90*C).  The  Response  is  1.6  pA, 
and  the  Baseline  is  20  pA. 


Figure  181.  Chemiresistor  Evaluation  (1500  ppm  NH3  and  70*C).  The  Response  is  0.8  pA, 
and  the  Baseline  is  9.9  pA. 
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Figure  182.  Chemiresistor  Evaluation  (1500  ppm  NH3  and  80*C).  The  Response  is  0.8  pA, 
and  the  Baseline  is  14.5  pA. 


Figure  183.  Chemiresistor  Evaluation  (1500  ppm  NH3  and  90*C).  The  Response  is  0.7  pA, 
and  the  Baseline  is  20  pA. 


Figure  184.  Chemiresistor  Evalaation  (500  ppm  NB3  aad  70*C).  The  Response  is  0.4  pA, 
and  the  Baseline  is  10.2  pA. 


Appendix  J.  Micromachintd  Gas  Chromatograph  Evaluation  Data 

Tliis  appendix  contains  the  data  collected  during  the  micromachined  gas  chromato¬ 
graph  evaluation.  Summaries  of  the  parameters  obtained  from  the  non-linear  least-squares 
curve  fitting  process  axe  provided  in  Tables  20  through  23,  while  Figures  187  through  216 
depict  the  average  of  the  six  trials  for  each  evaluation. 

Table  20.  Summary  of  the  NO}  Parameters  Collected  from  MMGC  #1  During  the  Mi- 
cromachiued  Gas  Chromatograph  Evaluation. 


NO}  Concen¬ 
tration  (ppm) 

NH}  Concen¬ 
tration  (ppm) 

Temperature 

(‘C) 

Response 

(pA) 

Center 

(min) 

Width 

(min) 

75 

6300 

55 

3.5 

44.8 

21.3 

75 

6300 

58 

2.9 

40.5 

22.7 

75 

6300 

66 

2.1 

29.4 

18.9 

75 

6300 

73 

1.7 

23.3 

19.1 

75 

6300 

75 

1.4 

20.4 

20.5 

75 

6300 

80 

1.1 

19.5 

12.8 

210 

6300 

80 

1.7 

17.4 

13.4 

270 

6300 

■  80 

2.0 

18.5 

15.6 

500 

6300 

80 

2.3 

17.9 

14.5 

560 

6900 

80 

2.7 

17.5 

12.9 

500 

7300 

80 

2.3 

17.8 

14.5 

500 

4800 

80 

2.3 

19.4 

15.3 

500 

4100 

80 

2.2 

19.1 

15.5 

500 

3500 

80 

2.4 

18.5 

12.6 

500 

2700 

80 

2.2 

19.7 

14.7 

500 

1600 

80 

2.2 

20.7 

14.6 

500 

480 

80 

2.2 

18.5 

13.8 
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Table  21.  Summary  of  the  NH3  Parameters  Collected  from  MMGC  #1  During  the  Mi- 
cromachined  Gas  Chromatograph  Evaluation. 


NOa  Concen¬ 
tration  (ppm) 

NH3  Concen¬ 
tration  (ppm) 

Temperature 

(*C) 

Response 

(pA) 

Center 

(min) 

75 

6300 

55 

IHOl 

4 

1.6 

75 

6300 

58 

mem 

1.6 

75 

6300 

66 

wBam 

1  3.8 

HQi 

75 

6300 

73 

1.4 

1.5 

75 

6300 

75 

1.6 

1.6 

75 

6300 

iiiiiiiiiiiiii^i[i]mi 

1.5 

4.0 

1.9 

210 

6300 

80 

1.4 

MEM 

1.6 

270 

6300 

80 

1.5 

WEM 

mam 

500 

6300 

msm 

3.7 

1.7 

560 

80  1 

1.5 

3.7 

1.7 

500 

7300 

|||||||^^]||||||||{ 

1.7 

3.8 

Msm 

500 

4800 

80 

1.6 

3.1 

msm 

500 

4100 

80 

1.6 

3.3 

■Ol 

500 

3500 

80 

3.7 

1.9 

500 

2700 

wmsm 

3.9 

1.6 

500 

1600 

mEm 

1.4 

I  500  I  480 


80 


•1 

.3 


Table  22.  Summary  of  the  NOj  Parameters  Collected  from  MMGC  #2  During  the  Mi- 
cromachined  Gas  Chromatograph  Evaluation. 


NOj  Concen¬ 
tration  (ppm) 

NH3  Conc-'n- 
tration  (ppm) 

Temperature 

Cc) 

Response 

(pA) 

Center 

(min) 

Width 

(min) 

90 

5700 

61 

3.3 

23.7 

13.7 

90 

5700 

68 

2.5 

19.9 

14.4 

90 

5700 

57 

4.2 

29.1 

17.3 

90 

5700 

75 

1.9 

14.5 

15.1 

90 

5700 

83 

1.4 

10.7 

10.9 

140 

5700 

83 

2.0 

8.4 

13.2 

240 

5700 

83 

2.2 

8.3 

15.1 

350 

5700 

83 

2.4 

11.6 

11.5 

500 

5700 

83 

2.6 

10.3 

11.4 

500 

4500 

83 

2.7 

11.9 

10.8 

500 

2800 

83 

2.3 

11.3 

12.5 

500 

1800 

83 

2.6 

11.0 

10.6 

500 

500 

83 

3.3 

8.4 

14.7 
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Figure  187.  Micromachined  Gas  Chromatograph  #1  Evaluation  (75  ppm  NO2, 6300  ppm 
NH3,  and  55*C).  The  NH3  Response  is  1.5  pA,  the  NH3  Peak  Center  is 
at  4  minutes,  the  NH3  Peak  Width  is  1.6  minutes,  the  NO3  Response  is 
3.5  pA,  the  NO3  Peak  Center  is  at  44.8  minutes,  and  the  NO3  Peak  Width 
is  21.3  minutes. 
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Figure  189.  Micromachined  Gas  Chromatograph  #1  Evaluation  (75  ppm  NO?,  6300  ppm 
NHa,  and  66*C).  The  NH3  Response  is  1.5  pA,  the  NH3  Peak  Center  is 
at  3.8  minutes,  the  NH3  Peak  Width  is  1.7  minutes,  the  NO3  Response  is 
2.1  pA,  the  NO3  Peak  Center  is  at  29.4  minutes,  and  the  NO3  Peak  Width 
is  18.9  minutes. 


Response 


Figure  190.  Micromadiined  Gas  Chromatograph  #1  Evaluation  (75  ppm  NO3, 6300  ppm 
NHa,  and  73*C).  The  NH3  Response  is  1.4  pA,  the  NH3  Peak  Center  is 
at  3.4  minutes,  the  NH3  Peak  Width  is  1.5  minutes,  the  NO3  Response  is 
1.7  pA,  the  NO3  Peak  Center  is  at  23.3  minutes,  and  the  NO3  Peak  Width 
is  19.1  minutes. 
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Response  (pA) 


licromachlned  Gas  Chromatograph  #1  Evaluation  (75  ppm  NO2, 6300  ppm 
1H3,  and  80*C).  The  NH3  Response  is  1.5  pA,  the  NH3  Peak  Center  is 
t  4  minutes,  the  NH3  Peak  Width  is  1.9  minutes,  the  NO3  Response  is 
.1  pA,  the  NO2  Peak  Center  is  at  19.5  minutes,  and  the  NO3  Peak  Width 


12.8  minutes. 


Figure  193.  Micromachined  Gas  Chromatograph  Evaluation  (210  ppm  NO3, 
6300  ppm  NH3,  and  80*C).  The  NH3  i^ponse  is  1.4  pA,  the  NH3  Peak 
Center  is  at  3.6  minutes,  the  NH3  Peak  Width  is  1.6  minutes,  the  NO3  Re¬ 
sponse  is  1.7  pA,  the  NO3  Peak  Center  is  at  17.4  minutes,  and  the  NO3  Peak 
Width  is  13.4  minutes. 


Figure  194.  Micromachined  Gas  Chromatograph  #1  Evaluation  (270  ppm  NO2, 
6300  ppm  NH3,  and  80*C).  The  NH3  Response  is  1.5  pA,  the  NH3  Peak 
Center  is  at  3.7  minutes,  the  NH3  Peak  Width  is  1.7  minutes,  the  NO3  Re¬ 
sponse  is  2  pA,  the  NO3  Peak  Center  is  at  18.5  minutes,  and  the  NO3  Peak 
^^dth  is  15.6  nunutes. 
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Figure  195.  Microtnachined  Gas  Chromatograph  #1  Evaluation  (500  ppm  NOat 
6300  ppm  NH3,  and  80*C}.  The  NH3  Response  is  1.5  pA,  the  NH3  Peak 
Center  is  at  3.7  minutes,  the  NK3  Peak  l^dth  is  1.7  minutes,  the  NO2  Re¬ 
sponse  is  2.3  pA,  the  NO3  Peak  Center  is  at  17.9  minutes,  and  the  NO3  Peak 
Width  is  14.5  minutes. 
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Fignre  197.  Micromacliined  Gas  Chromatograph  #1  Evaluation  (500  ppm  NO2, 
7300  ppm  NH3,  and  80*C).  The  NH3  Response  is  1.7  pA,  the  NH3  Peak 
Center  is  at  3.8  minutes,  the  NH3  Peak  Width  is  1.9  minutes,  the  NO3  Re¬ 
sponse  is  2.3  pA,  the  NO3  Peak  Center  is  at  17.8  minutes,  and  the  NO2  Peak 
Width  is  14.5  minutes. 


figure  198.  Micromachined  Gas  Chromatograph  #1  Evaluation  (500  ppm  NO2, 
4800  ppm  NH3,  and  80*C).  The  NH3  Response  is  1.6  pA,  the  NH3  Peak 
Center  is  at  3.1  minutes,  the  NH3  Peak  Width  is  1.4  minutes,  the  NO3  Re¬ 
sponse  is  2.3  pA,  the  NO3  Peak  Center  is  at  19.4  minutes,  and  the  NO3  Peak 
Width  is  15.3  minutes. 
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Figure  199.  Micromachined  Gas  Chromatograph  #1  Evaluation  (500  ppm  NOsi 
4100  ppm  NH3,  and  80*C).  The  NH3  Response  is  1.6  pA,  the  NU3  Peak 
Center  is  at  3.3  minutes,  the  NH3  Peak  ^^^fith  is  1.9  minutes,  the  NO3  Re¬ 
sponse  is  2.2  pA,  the  NO3  Peak  Center  is  ax  19.1  minutes,  and  the  NO2  Peak 
Width  is  15.5  minutes. 


igoia  200.  Micromachined  Gas  Chromatograph  #1  Evalnation  (500  ppm  NO21 
3500  ppm  NH3,  and  80*C).  The  NH3  Response  is  1.5  pA,  the  NH3  Peak 
Center  is  at  3.7  minutes,  the  NH3  Peak  Width  is  1.9  minutes,  the  NO3  Re¬ 
sponse  is  2.4  pA,  the  NO3  Peak  Center  is  at  18.5  minutes,  and  the  NO2  Peak 
^dth  is  12.6  minutes. 


Figure  201.  Micromachined  Gas  Chromatograph  #1  Evaluation  (500  ppm  NO2, 
2700  ppm  NH3,  and  80*C).  The  NH3  Response  is  1.3  pA,  the  NH3  Peak 
Center  is  at  3.9  minutes,  the  NH3  Peak  Width  is  *^.6  minutes,  the  NO2  Re¬ 
sponse  is  2.2  pA,  the  NO2  Peak  Center  is  at  19.7  minutes,  and  the  NO2  Peak 
Width  is  14.7  minutes.  1 


Figure  202.  Micromachined  Gas  Chromatograph  #1  Evaluation  (500  ppm  N62, 
1600  ppm  NH3,  ai>.d  80*C).  The  NH3  Response  is  0.8  pA,  the  NH3  Pe^ 
Center  is  at  4.2  minutes,  the  NH3  Peak  Width  is  1.4  minutes,  the  NO3  Re¬ 
sponse  is  2.2  pA,  the  NO3  Peak  Center  is  at  20.7  minutes,  and  the  NO3  Peak 
Width  is  14.6  minutes.  1 
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Figure  203.  Micromachined  Gas  Chromatograph  #1  Evaluation  (500  ppm  NO2, 480  ppm 
NH3,  and  80*C).  The  NH3  Response  is  0.3  pA,  the  NH3  Peak  Center  is 
at  4.1  minutes,  the  NH3  Peak  Width  is  1.4  minutes,  the  NO2  Response  is 
2.2  pA,  the  NO2  Peak  Center  is  at  18.5  minutes,  and  the  NO2  Peak  Width 
is  13.8  minutes. 
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Figure  204.  Micromachined  Gas  Chromatograph  #2  Evaluation  (90  ppm  NO2, 5700  ppm 
NH3,  and  57*C).  The  NH3  Response  is  1.6  pA,  the  NH3  Peak  Center  is 
^at  2.3  minutes,  the  NH3  Peak  l^dth  is  1.5  minutes,  the  NO3  Response  is 
4.2  pA,  the  NO3  Peak  Center  is  at  29.1  minutes,  and  the  NO2  Peak  Width 
is  17.3  minutes. 
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Figure  205.  Micromachined  Gas  Chromatograph  #2  Evaluation  (90  ppm  NO3, 5700  ppm 
NH3,  and  61*C).  The  NH3  Response  is  1.6  pA,  the  NH3  Peak  Center  is 
at  2.5  minutes,  the  NH3  Peak  Width  is  1.4  minutes,  the  NO3  Response  is 
3.3  pA,  the  NO3  Peak  Center  is  at  23.7  minutes,  and  the  NOs  Peak  Width 
is  13.7  minutes. 
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Figure  206.  Micromachined  Gas  Chromatograph  #2  Evaluation  (90  ppm  NO2, 5700  ppm 
NH3,  and  68*C).  The  NH3  Response  is  1.6  pA,  the  NH3  Peak  Center  is 
at  2.3  minutes,  the  NH3  Peak  Width  is  1.1  minutes,  the  NO2  Response  is 
2.5  pA,  the  NO2  Peak  Center  is  at  19.9  minutes,  and  the  NO2  Peak  Width 
is  14.4  minutes. 


Figure  207.  Micromachined  Gas  Chromatograph  #2  Evaluation  (90  ppm  NO2, 5700  ppm 
NH3,  and  75*C).  The  NH3  Response  is  1.4  pA,  the  NH3  Peak  Center  is 
at  2.6  minutes,  the  NH3  Peak  Width  is  1.4  minutes,  the  NO3  Response  is 
1.9  pA,  the  NO3  Peak  Center  is  at  14.5  minutes,  and  the  NO2  Peak  Width 
is  15.1  minutes. 
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Figure  208.  Micromachined  Gas  Chromatograph  #2  Evaluation  (90  ppm  NO3, 5700  ppm 
NH3,  and  83*C}.  The  NH3  Response  is  1.4  pA,  the  NH3  Peak  Center  is 
at  2.6  minutes,  the  NH3  Peak  Width  is  1.2  minutes,  the  NO3  Response  is 
1.4  p/i,  the  NO3  Peak  Center  is  at  10.7  minutes,  and  the  NO3  Peak  Width 
is  10.9  minutes. 


Figure  209.  Micromachined  Gas  Chromatograph  #2  Evaluation  (140  ppm  NO3, 
5700  ppm  NH3,  and  83*C).  The  NHs  Response  is  1.8  pA,  the  NH3  Pealc 
Center  is  at  2.6  minutes,  the  NH3  Peak  l^dth  is  1.4  minutes,  the  NO3  Re¬ 
sponse  is  2  pA,  the  NO3  Peak  Center  is  at  8.4  minutes,  and  the  NO2  Peak 
Width  is  13.2  minutes. 
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Figore  210.  Micromachined  Gas  Chromatograph  #2  Evaluation  (240  ppm  NO2, 
5700  ppm  NH3,  and  83*C).  The  NH3  Response  is  1.6  pA,  the  NH3  Peak 
Center  is  at  2.9  minutes,  the  NH3  P'?a]c  Width  is  1.2  minutes,  the  NO3  Re¬ 
sponse  is  2.2  pA,  the  NO3  Peak  Center  is  at  8.3  minutes,  and  the  NO2  Peak 
Width  is  15.1  minutes. 


Figure  211.  Micromachlned  Gas  Chromatr^aph  #2  Evaluation  (350  ppm  N02t 
5700  ppm  NHs,  and  SS'C).  The  NU3  Response  is  1.5  pA,  the  NH3  Peak 
Center  is  at  2.4  nunutes,  the  NH3  Peak  Width  is  1.2  minutes,  the  NO3  Re¬ 
sponse  is  2.4  pA,  the  NO3  Peak  Center  is  at  11.6  minutes,  and  the  NO3  Peak 
Width  is  11.5  minutes. 
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Fignre  213.  Micromachined  Gas  Chromatograph  #2  Evaluation  (500  ppm  NO21 
4500  ppm  NH3,  and  83*C}.  The  NH3  Response  is  1.8  pA,  the  NH3  Peak 
Center  is  at  2.5  minutes,  the  NH3  Peak  Width  is  1.7  minutes,  the  NO3  Re¬ 
sponse  is  2.7  pA,  the  NO3  Peak  Center  is  at  11.9  minutes,  and  the  NOj  Peak 
Width  is  10.8  minutes. 


Flgore  214.  Micromachined  Gas  Chromatograph  #2  Evaluation  (500  ppm  NO3, 
\  2800  ppm  NH3,  and  83*C).  The  NH3  Response  is  1.5  pA,  the  NH3  Peak 
I  Center  is  at  2.6  minutes,  the  NH3  Peak  Width  is  1.4  minutes,  the  NO3  Re¬ 
sponse  is  2.3  pA,  the  NO3  Peak  Center  is  at  11.3  minutes,  and  the  NO2  Peak 
Width  is  12.5  minutes. 
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Figure  215.  Micromachined  Gas  Chromatograph  #2  Evaluation  (500  ppm  NO2, 
1800  ppm  NH3,  and  83*C}.  The  NH3  Response  is  0.8  pA,  the  NH3  Peak 
Center  is  at  2.3  minutes,  the  NH3  Peak  l^dth  is  1.2  minutes,  the  NO3  Re¬ 
sponse  is  2.6  pA,  the  NO2  Peak  Center  is  at  11  minutes,  and  the  NO3  Peak 
Width  is  10.6  minutes. 


Ilgare  216.  Micromachini  J  Gas  Chromatograph  #2  Evaluation  (500  ppm  NO3, 500  ppm 
NH3,  and  83'C).  The  NH3  Response  is  0.5  pA,  the  NH3  Peak  Center  is 
at  2.8  minutes,  the  NH3  Peak  Width  is  1.7  minutes,  the  NO2  Response  is 
3.3  pA,  the  NO]  Peak  Center  is  at  8.4  minutes,  and  the  NO2  Peak  Width  is 
14.7  minutes. 


Appendix  K.  Adsorption  Evaluation  Data 

This  appendix  contains  the  data  collected  during  the  adsorption  evaluation.  A  sum¬ 
mary  of  the  parameters  obtained  from  the  non-linear  leas-squares  curve  fitting  process  is 
provided  in  Table  24,  while  Figures  217  through  225  depict  each  evaluation. 

Table  24.  Summary  of  the  Parameters  Collected  During  the  Adsorption  Evduation. 
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(ppb) 
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(percent) 

100 

3.9 
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11 

100 
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1.0 

13 

100 
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11 

200 
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12 

200 

5.4 

1.2 

14 

200 

3.8 

1.0 
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400 

3.1 

1.5 

14 

400 

3.1 

1.5 

15 

400 

2.7 

1.4 

14 
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Rgure  221.  Adsorption  Evaluation  (200  ppb  NOj).  a  is  5.4  x  10"^  (ppb  •  min)"*,  /?  is 
1.2  (nun)”',  and  a,  is  14  percent. 
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Figure  223.  Adsorption  Evaluation  (400  ppb  NO2).  o.  is  3.1  x  10~^  (ppb  •  min)''*,  0  is 
1.5  (min)~*,  and  a,  is  14  percent. 
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